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Abstract

Abstract

Relative Energy Deficiency in Sport (RED-S) is a complex condition that has a range of
health consequences involving, but not limited to, metabolic, immune, and reproductive
function, and psyclological health. Low energy availability (LEA) is theunderlying causeof
RED-S. LEA can bedefined aslimited dietary energy available for normal physiological and
metabolic functions, after accounting for energy expended from exercise training
Quantitative and qualitative methodological approacheshave been used to investigate LEA
(Chapter 2). However, most regarch methods and findings on LEA are typically conducted
and interpreted in isolation. LEA is a complex and integrated syndrome, yet the research
that brings together the dialogue between quantitative and qualitative findings is limited.
Therefore, the purpose of the thesis was to expand on REES by using a mixedmethod
approach andgain further understandings of the complexity of LEA (Chapter 3). The thesis

is divided into seven chapters that incorporate published and unpublished manuscripts.

A mixed-method approach was used within an elite athletic cohort to understand
the nuances and the relationship between the quantitative physiological and qualitative
socio-psychological aspects of LEAChapter 4). Data were collectedat two time points (T1
and T2, respectively), from 15 (10 female, 5 male) members of the Cycling New Zealand
(CN2Z) elite endurance track cycling high-performance programme. Physiological data were
captured from blood (hormonal and metabolic markers), metabolic testing, energy
availability status,and bone health at both time points. Socio-psychologicaldata were
captured via semistructured interviews from a sub-set of the cyclists, following the
physiological data at T1The interviews covered topics in the context of REDS such as
menstruation, body image, nutrition, and injury/illness. These topics were chosen as they
had been previously identified in the literature as key markers of LEA Also, the interview
covered topics related to the highperformance environment, such that relationships with

team-mates and coaches, and performance pressures, could be explored

The thesisshowcases resultsfirstly, using quantitative methodological approaches
and presents two manuscripts Chapter 5; 5i and 5ii). The first manuscript investigates the
energy availability status and bone health infemale (n=7) and male (n=4) elite track cyclists
two time points (T1 and T2) It was found that the cohort had optimal bone health; having
said that, 64% had LEA (<30 kcdlkg fat-free mass[FFM]/day) at least once during the

cycling season. Improvement inenergy availability (EA) status was associated with an
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increase inlumbar spine bone mineral density, yet it wasclinically unmeaningful and
requires further investigation. The second manuscrig (5ii) is a caseseries that investigated
EA, resting metabolic rate, dietary protein, and testosterone concentration in four elite
male track cyclists at T1. The male athletes demonstratedaving mid-rangetestosterone,
lowered resting metabolic rate ratio, varied luteinizing hormone and sub-optimal EA (16.9-
19.8 nmol/L, 0.767 0.98, 4-10 U/L, 26- 41 kcal/kg FFM/day, range; respectively)lt is
suggested the maleathletes may have within-day energy deficiency, putting them in a
catabolic state.It is unknown if the observable higher dietary intakes of protein consumed

may have preventeda further reduction in testosterone.

Although presented second, the most important section of this thesis builds upon
transcending methods; providing evidence for the advantages in implementing mixed
methods to gain greater insights of LEA in elite athletes. The evidence is presented by three
manuscripts in Chapter 6 (6i, 6ii, and 6iii ). The first manuscript (6i) brings quantitative
and qualitative data sets together to explore the sociecultural dimensions of eight female
AOGEI AOAOGS A obhullZidgibdthidéra dets the Categdrization of individuals
with LEA and the relationships (or lack of) with body image, menstruation and nutritional
DOAAOEAAOR AT A OEA AOEI AOAO&hishkramdiptalkd AA O
revealed the challenges of interview athletes on sensitivéopics such as LEA and the

silences and deflection strategies among those with more severe cases of the condition.

The second manuscript (6ii) continues the mixed-method theme by investigating
the socio-psychological contributions to the classification of LEA in 15 (10 females, 5 males)
elite track cycling athletes. The physiological datademonstrated that the athletes
categorized with LEA had lower energy intakess compared to those categorized with
higher EA (>30 kcal kg FFM/day). The reduced energy intake stemmedfrom a reduction in
carbohydrate and fat No other physiological differences were observed. The complexity of
LEA continues to be apparent as the interviews revealed that nutritional practiceof
reducing carbohydrate and athlete body image pereptions were not dependent on the
category of EA, i.e., regardless of EA severity, bothEA and HEAgroups experienced

similar pressures, perceptions of body image and nutritional practices.

To extend on 6ii, the third manuscript (6iii) draws on examples from data thatwere
collected as part of the thesis, as well as two multidisciplinary projects that followed similar
mixed-methodologies however, involved elite female Ironman triathletesand elite female

rugby players The manuscript highlights the integrative and complex nature of LEAby
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using interview data that help to explain the results of the physiological data.Although the
athletes within each sport were categorized by EA status, the difference between those
categorized with LEA and higher EA, and their physiological data werenot as clear. While
each of the sports had a different sporting culture, the interviews revealed a range of socio
psychological factors that were impacting the playets risks of LEA.6iii also demonstrates
the differences between team and individual sports and how teammates, especially those in

power positions, can mould and influence others within the team.

In summary, the work included in this thesis recognizesthe value of implementing
amixed-method approach to uncover the interactions and complexities of LEA in athletes,
with track cyclists used as the primary example. The evidence presented firmly identifies
the weaknessesn the current RED-S modeland the limitations in the dominant
methodological approaches The findings allowed for a greater understanding of the
nuances in complex sociepsycho-physiological conditions such as LEAThe thesis adds to
the current body of knowledge by demonstrating the value of incorporating the dialogue
between the quantitative and qualitative data sets. Furthermore, the thesis demonstrates
the challenges in implementing mixed-methods. To further understand the
interconnectedness and complexity of LEA and REES, future research should aim to

incorporate mixed-methods.

Vi
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Chapter 1

Chapter 1: Introduction

Chapter 1 includes the thesisbackground, thesisrationale, thesisoutline and organization
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1. Thesis Background

1.1. Reasons for undertaking a PhD
The motivation to undertake a PhD emerged from my personal experiences of developing
low energy availability (LEA) as an elite track cyclist for the New Zealand national ttam,

and subsequently being diagnosed with Relative Energy Deficiency in Sport (RERS).

LEA is the underlying cause of REBS (Mountjoy et al., 2014) LEA can be definedas
limited dietary energy available for normal physiological and metabolic functions, after
accounting for energy expended from exercise training RED-S is a complex condition that
has a range of health consequences involving, but not limited to, metabolic function,
immune function, reproductive function and psychological health (Mountjoy et al., 2014,
2018) With the wide range of health consequences associated WitRED-S, performance

impairments can be experienced(Ackerman et al., 2018)

The anecdotal evidence from sporting colleagues, both cuent and retired athletes
who have experiencel some degree of LEA, showthat many of these female athletes
continue to train and compete with menstrual dysfunction and/or experienced recurring
illnesses. Furthermore, many of these athletes experienced muifple injuries, including
stress fractures throughout their career. Yet, these experiences were typically observed in
EOIT 1 AQGEITh xEOE Alii1i11T ABAOOAO OEAO OEA A@PDPAOE/
Moreover, the culture of sport and socio-psychology d the athlete themselves can
contribute to the sub current of LEA. The culture of sport and socic-psychology refers to
how the thoughts, perceptions, behaviours and practices of individuals are constructed and
influenced within a sporting context. Yet, these factors are rarely considerednor

understood, in the development of LEA.

Elite athletes push their bodies past what might be generally regarded as normal
physiological limits. Anecdotally, in endurance sport, missing periods is often considered
OT 1T @ AT A EO CAT AOAT T U OAGCAOAAA AO AT AAAADPOAAI
thinking that a missing period signals peak form for performance. Injury is also considered
OOOAT AAOAS AO EO AAITT OOOAOGAOG OEA Al lingth®©i AT O OI
physiological boundaries. To further complicate the ethos, pressures to look a certain way
may be heavily influenced by peers or others in power€.g.,coaches, management),
creating abnormal body image beliefs that lead to abnormal eating behaviours and

subsequently LEA. Given the significant longterm adverse health consequences of

21



Chapter 1

AdOAT AET ¢ AT AEAO AAUT T A DPE WOV dpdtiggieditded 1 ET EOON
contributing to th e problem of LEA and REBSe 6

Athletes may understand the adverse health consequences for their future, however,
from my perspective, a proactive stance to address these issues is not at the forefront of
i ATU AOEI A Odead thedethigtEsAend to focus more on being fit enough to
train and compete. Therefore, some athletes may never address these issues until they
suffer drastic, adverse changes in their performance caused by severe illness or injury. Many
athletes (and possibly many medical professionals) fail to recognize that LEA may be the
underlying issue. LEAmay explain their inconsistent training performances and/or injury
rates.( | x AOAOh EZ AOEI AGAO AOA Ei i AOOGAA,&ET A AOI
sporting environment that emphasizes leanness or using misinformation passed on from
other successful athletes, no action or intervention can help if the culture around the
athlete is not addressed. Given the widespread international morbidity of thefemale
athlete triad or the RED-S syndrome, there is a desperate need for a scientifically based

analysis of LEA in athletes from both the biologicaland socio-cultural perspectives.

2. Thesis Rationale

The rationale for the research project stems from he observation that much existing
research on LEAis compartmentalized into their respective disciplines. Physiologists,
endocrinologists and sport scientistg remain largely within their familiar quantitative
research paradigms as do sociologists who arédrained in qualitative methods to explore the
socio-psychdogical complexities of LEA. Researchers have started to adopt both
gquantitative and qualitative approaches to recognize the complexitiesof this condition .
However, these studies are limited. Theefore, the thesisexplores the potential in
implementing a mixed-method approachto create new understandings of the complexities
of LEA. In doing so,the over-arching goal of the thesisis to rethink and expand the current

RED-S model to enhance the undestanding of LEA in elite athletes.

The thesisaims to produce more multidimensional understandings of LEA in an
elite athlete population by (i) obtaining the prevalence and severity of LEAand LEA
related symptoms (quantitative methods), and (ii) gaining ET OECEOO ET 01 Al EOA
understandings of nutrition, menstruation, injury and illness, body image, pressures within

a high-performance environment, and A O E 1 dx@eAedd®s of LEA (qualitative methods).
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Specifically, the thesis investigates the phgiological and sociepsychological connection of
LEA by drawing from a cohort of elite male and female track cyclistsThe research project
used a mixedmethod approach for data collection. Data were collected at two time points
(T1 and T2, respectively)Physiological data were captured from blood (hormonal and
metabolic markers), metabolic testing, energy availability status,and bone health at both
time points. Socio-psychologicaldata werecaptured via semistructured interviews from a
sub-set of the cyclists, following the physiological data at T1The interviews covered topics
in the context of RED-S, such as menstruation, body image, nutrition, and injury/iliness.

Also, the interview covered topics related to the high-performance environment.

The thesis is divided into chapters that encapsulate specific areas of LEA but, also
aimsto bring the two methodological approaches into dialogue to enhance the

understanding of LEA in elite athletes.

3. Thesis Outlineand Organization

The thesisis comprised of seven chapters and incorporates manuscriptsthat are presented
in a format that has been prepared for peefreview publication. The manuscriptsare either
unpublished, under review, in press or published Figure 1. Therefore, some sections
within the chapters incorporate a standard manuscript format (abstract, introduction,
methodology, results, and dicussion), depending on the methodology framework used
(physiological vs sociological). The thesis includes a collection of manuscripts ranging from
review manuscripts (Chapter 2; 2i, 2ii, and Z2iii), a manuscript that discusses the value in
implementing mix ed-method approaches Chapter 3) and experimental manuscripts
(Chapter 5; 5i and 5ii, and Chapter 6; 6i, 6ii and 6iii ).

Chapter 2 is divided into three sections (2i, 2ii, 2iii) that include literature review
papers. Section 2i reviews the current methodologies used in LEA research, section 2ii is a
narrative review that provides a background to the current scientific knowledge of LEA in
male cyclists (Manuscript 1), and section 2iii discusses the considerations when using
predicted resting metabolic rate equations in athletic populations (Manuscript 2). Chapter
3 provides the background and reasoning for implementing mixedmethod approaches
when investigating LEA in human populations (Manuscript 3). Chapter 4 provides a brief
overview of the thesis methodology. Chapter 5 contains research findings of physiological,

guantitative data (sections 5iand 5ii; Manuscripts 4 and 5). Chapter 6 provides research
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evidence for the advantages of implementing mixedmethods to gain greater insights into
LEA and elite athletes Eections 6i, 6ii, and 6iii; Manuscripts 6, 7, and8). Chapter 7
provides a general summary, discusses limitations and praatal applications, as well as

addresses future research directions.

Due to the structure of the thesis, with sections of chapters submitted asstandalone
manuscripts, there is a degree of repetition throughout the thesis For consistency and

readability, there is a single reference list of citations included at the end of the thesis.
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Chapter 1: Introduction

Thesis Background, Thesis Rationale, Thesis Organization

N\

Chapter 2: Literature Reviews

2i: Methodologies used in LEA 2ii: LEA in male cyclists 2iii: Resting metabolic rate prediction
research Manuscript 1 (Published) equations Manuscript 2 (Published)

NS

Chapter 3: Background to a Mixed -method Approach

Compartmentalized disciplines in LEA research
Manuscript 3 (Published)

N4

Chapter 4: Methods

A mixed-method research approach

N\

Chapter 5: Quantitative Findings

5i: Bone health and EA status in male and female cyclists 5ii: Endocrine and EA status in male cyclists
Manuscript 4 (Under review) Manuscript 5 (Under review)

N\

Chapter 6: Mixed -methods Findings

6i: Interviewing female cyclists with 6ii: Expanding the RED'S model in 6iii: Expanding the RED-S model in
LEA elite track cyclists female athletes in three sports
Manuscript 6 (Published) Manuscript 7 (Under review) Manuscript 8 (Under review)

N\

Chapter 7: Final Discussion

General Summary, Practical Applications, Future Directions and Concluding remarks

Figurel. Schematic of the thesis structure amdanuscriptswithin each chapter EA, energy
availability; LEA, low energy availability; RExelative energy deficiency in sport
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3.1 Publicationsarising from thethesis
The following publications directly resulting from the work in this thesis are grouped
according to their publication status; published and accepted for publication, or under

review.

3.1.1Published oaccepted forpublication

Published manuscripts in printed form are also included in Appendix 1.
Chapter 2ii (Manuscript 1)

Schofield K. L, Thorpe H., Sims S. T. (202Q)Where are all the men? Low energy
availability in male cyclists: A review. European Journal of Sport

Science https:doi.org/ 10.1080/17461391.2020.1842510

Chapter 2iii (Manuscript 2)

Schofield, K . L., Thorpe, H., Sims, ST. (2019. Restingmetabolic rate prediction
equations and the validity to assess energy déafiency in the athlete population.

Experimental Physiology104(4):https://doi.org/10.1113/EP087512

Chapter 3 (Manuscript 3)

Schofield, K. L., Thorpe, H., Sims, S.T. (2020). Compartmentalised disciplines: Why
low energy availability research calls for transdisciplinary approachesPerformance
Enhancementand Health, 8(2z3), 10017 ttps://doi.org/10.1016/j.peh.2020.100172

Chapter 6i (Manuscript 6)

Schofield, K . L., Thorpe, H., Sims, ST. (2021).Feminist sociology confluenceswith
sport science: Insights,contradictions, and silences ininterviewing elite women
athletes about low energy availability . (2021) Journal of Sport and Social Issues

https://doi.org/10.1177/01937235211012171

3.1.2Underreview

Chapter 5i (Manuscript 4)

Schofield, K . L., Thorpe, H., Sims, ST. Elite track cycling athletes present with

normal bone mineral density and sub-optimal to low energy availability.
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Chapter 5ii (Manuscript 5)

Schofield, K . L., Thorpe, H., Sims, ST. Casestudy: Energy availability and endocrine

markers in elite male track cyclists
Chapter 6ii (Manuscript 7)

Schofield, K . L., Thorpe, H., Sims, ST. Expanding the REDS model: A mixedmethod
approach to understand elite male and female track cyclists with varying levels of

energy availability.
Chapter 6iii (Manuscript 8)

Schofield, K . L., Thorpe, H., Sims, ST. Expanding the REDS model: Mixed method

approaches to elite female athletes with varying levels of energy availability.

3.2 Conferencepresentationsarising from thethesis
Schofield, K. L ., Thorpe, H., Sims, S. T. (2020). A mixegnethod approach REDBS in
elite track cyclists. Sportand Exercise Science New Zealand Annual Conference,

Christchurch, New Zealand(Oral Presentation).

Schofield, K. L ., Thorpe, H., Sims, S. T. (2019). How compldg complex? REDS
research needs a transdisciplinary approachSport and Exercise Science New Zealand

Annual Conference. Palmerston North, New ZealandOral Presentation).

Schofield, K. L ., Thorpe, H., Sims, S. T. (2019). Skiand bone: Energy availability and
bone health in elite track cyclists. Sports Medicine New Zealand Annual Conference,

Dunedin, New Zealand(Oral Presentation).

3.3 Othercontributions

3.3.1Poster
Heather, AK., Ogilvie, M., Beable, S., Coleman, L., Thorpe, HSchofield, K., Sims, S,
Milsom, S.R., Hamilton, B.(2020). Prevalence ofmenstrual disorders andhormonal
control use inelite femaleathletes in New Zealand.Endocrine

Society https://academic.oup.com/jes/article/4/Supplement 1/SAT-011/5833551
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3.3.2Publicatiors
Mackay, K.J.Schofield, K.L ., Sims, S.T., McQillan, J.A., Driller, M\W. (2019). The
validity of resting metabolic rate-prediction equations and reliability of measured RMR

in female athletes. International Journal of Exercise Sciencd2(2): 886897.

Heather, AK., Thorpe, H., Ogilvie, M., Sims, S.T.Beable, S., Milsom, S.RSchofield,
K.L, Coleman, L., Hamilton, B.(2021).Biological and socic-cultural factors have the
potential to influence the health and performance of elite female athletes: A cross
sectional survey of 219 elite female athletesFrontiers in Sports and Active Living,
section Elite Sports and Performance Enhancement

https://www.frontiersin.org/articles/10.3389/fspor.2021.601420/full

3.3.3Symposims
Schofield, K. L. (2019). Relative Energy Deficiency in Sport 108portsand Exercise
Physiotherapy New Zealand (SEPNZ) Symposium, Tauranga, New Zeala(idvited
Speaker)

Female Athlete Health Symposium (2019). Auckland, New ZealandInterdisciplinary

expert panel member and cechaired a workshop).

Schofield, K. L ., Thorpe, H., Sims, S. T (2018) Female CrossFit members experience
irregular menstrual cycles. Sportand Exerdse Science New Zealand Annual

Conference, Dunedin, New ZealandOral Presentation).

Female Athlete Health Symposium (2017). Towards transdisciplinary research on
Female Athlete Health, Tauranga, New ZealandCo-Presenter and Athlete Panel

Member).

FemaleAthlete Health Symposium (2015). REES Rationalizing the effect of a

destructive syndrome, Cambridge, New ZealandInvited Speaker).
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Chapter 2 Literature Reviews

Chapter 2is divided into three sections that include lit erature review papers:

91 2ireviews the current methodologies used in LEA research.

1 2iiis a narrative review that provides a background to the current scientific
knowledge of LEA in male cyclists (Manuscript 1).

9 2iii discusses theconsiderations when using predicted resting metabolic rate

equations in athletic populations (Manuscript 2).
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Chapter 21 MethodologiesUsed in low Energy Availability

Research A Review

Overview : As the focus of the thess is on mixedmethod approaches to gain further
understanding of Relative Energy Deficiency in Sport (REBES), it is important to explore the
current methods that are used in REDS research. Particularly, examining the research that
uses quantitative, qualtative, and a combination of methods to studylow energy
availability and RED-S,
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1. Introduction

Relative Energy Deficiency in Sport (RED-S) is a syndrome that impairs the physiological
function of many bodily systems, including but not limited to, menstrual function, bone
health, metabolic rate, and immunity (Mountjoy et al., 2014, 2018)RED-S expands on the
female athlete triad (Triad) (De Souza, Nattiv, et al., 2014y incorporating many health
and performance consequences experienced by femabnd male athletes (Ackerman et al.,
2018) REDS is caused by low energy availability (LEAMwhen there is limited energy
available, after exercise training, for normal physiological and metabolic function (Loucks
etal., 2011)

The resarch investigating the consequences of REES and LEA on female and male
athletes has grown since the development of the REES model in 2014Mountjoy et al.,
2014) Since the conception of this model, and expanding on the Triad, research has
primarily focused on female athletic populations and the physiological conseuences of
LEA. Research conducted in male athletic populations iggrowing yet is still in its infancy
comparedto female athletic populations. Furthermore, there is limited literature that
investigates the socio-psychological impacts on athletes, eitherfrom LEA or contributing to

the development of LEA.

This chapter includes a narrative review of the current literature that pertains to
specificRED-S and LEArelated research conducted on athletic populations. More
specifically, as the focus of the thais is on the mixedmethod approaches to gain further
understanding of LEA and REDS, it is important to understand the current methods being
used. Therefore, this chapter examines the different methods used to study this complex
syndrome. In particular, the review explores the quantitative, qualitative and mixed
method approaches that garner greater knowledge of REES. By conducting this review, the

gaps in the literature can be identified that will provide direction for future research.

The remainder of this chapter consists of three parts. First, the quantitative research
methods are discussed. Second, the qualitative research methods and third, research

conducted using mixed-method approaches are discussed.

2. Methodology
This is a narrative reviewbased onthe current research on REDS and LEA in athletic
populations. From these articles, the methodological approach(es) that were used to

conduct the research were investigatedUsing a combination of the following key search
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O A Oieléive®nergy deficiency insbi O08B862@% 1 x AT AOCU AOAEI AAEI E
AOAEI AAEI EOQUSh OAOEI AOABh OODPI 008h DOI AGAAA A (
(n=234) and Google Scholar (n=569) databases. Pegviewed journal articles, available in

full text, written in English, and conducted among exercising or trained, adult, human

subjects were consideredThe reference lists of retrieved articles were also reviewed to

identify any articles not identified in the database searches. Animal studies were excluded.

Studies that solely pertain to the Triad, or studies using sedentary participants were also

excluded.

From the pool of 42 collected research articles, Zcomprised of reviews (Table 1).
The review articles include areas such as REL in male-specific athletic populations
(Burke, Close, et al., 2018; McGuire et al., 20208ndocrine, metabolic and haematological
body systems(Areta et al., 2020; Badenhorst et al., 2019; Dipla et al., 2020; Ellie®ale et al.,
2018; lwasa et al., 2018; McCall & Ackerman, 201&nergy availability in athletic
populations (Blauwet et al., 2017; Fagerberg, 2018; Logue et al., 2020; Logue, Madigan,
Delahunt, et al., 2018; Melin et al., 2019; Mountjoy et al., 2018)ifficulties of determining
LEA (Burke, Lundy, et al., 2018)the social environment and performance effects of both
sexes(Wasserfurth et al., 2020) and future directions for RED-S research(Ackerman et al.,
2020). The aim of this review is not to repeat the main findings of LEA research in athletic
populations but in brief , researchers agree that LEA causasfavourable endocrine,
haematological, and metabolic perturbations. Also, LEA is prevalent in male athletesnd
affects bonehealth, endocrine and metabolic function. There has been a small amount of
research that has inestigated the effects of LEA on performance howeveresearchers
allude that LEA, and LEArelated conditions, may result in impaired performance.
Furthermore, the social environment and the sociocultural pressures within sportsare

recognized as playing gpart in the development of LEA.

The remainder of this chapter will focus on the quantitative, qualitative, and mixed-
method approachesused in LEA researchlin total, 30research articles were included in this

review.
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Tablel. Overview of review articles relating t&elative Energy Deficiency inSoort (REBS)and
energy availability(EA)in athletic populations

Year Author Topic
2020 Ackerman et al. Future directions
Areta et al. Endocrine, metabolic and physiological effects in males and
females
Dipla et al. Endocrine changes in males and females
Logue et al Updated review of LEA in athletes
McGuire et al LEA in male athletes
Wasserfurth et al. Social environment, adaptations andprevent of LEA in female
and male athletes
2019 McCall et al. Endocrine and metabolism of REDS
Melin et al. EA in athletics
Iswa et al. Kisspeptin and gonadotrophic releasing hormone in LEA
2018 Logue et d. LEA in athletes
2018 Burke et al. EAin male athletes
Burke et al. Pitfalls of LEA
Elliot-Sale et al. Endocrine effects of REDS
Fagerberg et al. Bodybuilding literature
2017 Blauwet et al. LEA in para-athletes
2014 Badenhorst et al. Hepcidin as a prospective biomarker for LEA
2007 Loucks et al. EA in endurance athletes/marathon

EA, energy availability; LEA, low energy availability; REES, relative energy deficiency in sport

3. Quantitative Approaches

3.1REDS and LEA researatvestigating laboratorybased measures

The RED S and LEA research investigating physiological, metabolic and or psychological
functioning using laboratory -based methods are shown in Table 2. The methods used
include measuring and obtaining quantitative data of energy availability (EA), hormone

markers, metabolic function, performance data, and psychological function.

The measurement of EA is the critical component of determining LEA. Traditionally
it is calculated by subtracting exercise energy expenditug from the energy intake adjusted
for fat-free mass(FFM):

L0 Q1R AL (0 w'Q1l @'VIQTOAE Q¢ Q VaodIa Q
N e s Q& QT TE
O¢ Qi 6Xud Qa O W-Qe—Q6—w 0600l @B 00

EA is used instead of energy balance (dietary intake minus the total daily energy
AopAT AEOOOAQh AO AT Aocu AAI AT AA AT A0 1160
physiological systems are functioning optimally (Loucks et al., 2011For example, male
participants maintaining an EA of ~30 kcal/kg FFM/day for sevendays showeda gradual
recovery ofenergy balance (i.e, energy balancereturning to zero) (Stubbs et al., 2004) The

energy balance is restored as the body makes metabolic adaptatione.g.,reducing resting
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metabolic rate (RMR), and therefore reduces total daily energy expenditurg. Furthermore,
energy balance is hard to estimate asotal daily energy expenditure includes many factors
(e.g.,thermic effect of food, non-essential activity thermogenesis RMR, and exercise energy
expenditure). Therefore, EA is the preferred method to determine the energy requirements

for optimal physiolo gical functioning.

EA thresholds have previously been determined in exercising women that affect
reproductive function and bone metabolism (Ihle & Loucks, 2004; Loucks, 2003; Loucks &
Thuma, 2003) Three tiers of EA have been establishedi) adequate energy availability at
PRi EAAI T E®© refluked BrAubtlinical energy availability at 30-45 kcal/kg
FFM/day, and (iii) low energy availability at < 30 kcal/kg FFM/day.Moreover, the EA
thresholds have been used in male populations despite the thresholds being derived from

female data, thus ot a viable transfer to men.

Additionally, there is no standardized measure of EA(Burke, Lundy, et al., 2018and
the variability when determining each component of the EA equation is a limitation. When
expanding the investigation into LEA status, additional markers are used€.g.,RMR ratio,
suppressed hormones, abnormal eating behaviours etc), yet without a stadard protocol for

interpretation, it becomes difficult to compare results between studies.
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Table2. Relative Energy Deficiency inSport (REDS) and low energy availability LEA research implementing laboratorpased measures

Author

Participants

Methodology

Key findings

Female -specific

Mathisen et al. (2020)

39 fitness athletes and 36
controls followed months
before the first competition,
2 weeks before the first
competition and 1-month
after the last competition

Online questionnaires (history of ED,
training history, EDE-Q, LEAFQ, BDI-1a.
El via 4DDR, RMR via indirect
calorimetry, BMD and body composition
via DXA, EEE not recorded and therefore
EA not calculated

Fitness athletes showed several symptosiof REDS
2weeks before competition: increase
gastrointestinal dysfunction, amenorrhea,
reduction in RMR, and some not resumed to
baseline Imonth post-competition (amenorrhea
and gut)

Meng et al. (2020)

52 elite athletes and 114
recreational athletes in
aesthetic sports in China

2x online questionnaires to assess LEA
(LEAF-Q) and EDI-3. Subgroup of elite
athletes (n = 14), body compositionand
BMD via DXA, blood serum for hormone
analysis

55.8% elite has a greater risk of LEA than 35.1% of
recreational athletes. Elite athletes had a higher
prevalence of amenorrhea compared to recreation
athletes.

Sub-group showedz elite athletes with increased
LEA risk had lower estradiol, and lower BMD

Civil et al. (2019)

20 professional ballet
athletes

7-day data collection. El via 7DDR and 24
h recall interviews, EEE estimated via
accelerometry and training logs. Body
composition via DXA, EA and estimated
RMR, TFEQ, LEAFQ, Vitamin D status
via blood

Energy deficit occurred over the 7days. 22% had
LEA (<30). 40% with menstrual dysfunction, 65% at
risk of LEA (via LEARQ). Energy balance was lower
on weekdays compared to weekend days (due to
EEE component). EA similar between weekday and
weekend. Adequate bone health in all athletes

Zabriskie et al. (2019)

20 NCAA Division Il
lacrosse athletes monitored
at 5-time points over a year
to assess body composition,
EE and dietary habits

Body composition and BMD via DXA,
RMR via indirect calorimetry, El via
4ADDR, TDEE and EEE via accelerometry,
EA, RMR ratio (Cunningham and
Schofield equation), questionnaires
(visual analogue scales for perceived rest,
soreness and training satisfaction)

Body composition stable and diet similar. Energy
expenditure changed throughout the year with pre-
season training showing the greatest total EE.
Athletes were in negative EB and low EA
throughout the year. EI, CHO and protein did not
change over the year and did not meet
recommendations for athletes

Sygo et al. (2018)

13 elite nationatlevel track-
and-field sprinters and
jumpers of white and black
descent were followed over
a 5month season of indoor
training and competition

Body composition and BMD via DXA,
anthropometry and skinfold via callipers,
RMR via indirect calorimetry, blood
samples for sex hormone analysis (LH,
estradiol, FSH), LEAFQ

31% and 54% of athletes presented with at least 1
primary and 1 secondary indicator of LEA (criteria
in the paper), before and after the season
respectively. 39% of athletes had a history of a
stress fracture and was not associatedith current
indicators of LEA. Athletes may show LEA after a
period of rest/offseason. No differences in LEA
indicators were observed
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Melin et al. (2015) 40 endurance athletes

El via 7DDR, EEE via exercise regimes, Hi
and accelerometry. Eating behaviour via
EDI-3 (DT, BD), DSMIV, EDE-16. RMR
via indirect calorimetry, reproductive
function (ultrasound), sex hormone status
via a blood sample, LEAFQ, Body
composition and BMD via DXA

63% had EA <45, with 60% with MD, 53% had
lowered RMR and 45% had impaired bone health.
Athletes with EA < 45 had lower RMR compared to
those with EA > 45. Athletes with MD also had
lower RMR than eumenorrheic athletes.

Reed et al. 2015 91 exercisingvomen

Menstrual status via selfreported history,
El via 3DDR, EEE via-flay exercise
records and estimated with HR or
compendiums of physical activities and
METSs. EA via EAEEE/LBM accounting for
RMR.

Blood samples for hormone status (LH,
FSH, TSH, thyioxine, prolactin, DHEA,
testosterone SHBG, body composition via
DXA, aerobic capacity via indirect
calorimetry, RMR via indirect calorimetry,
pRMR using Harris-Benedict equation

Athletes split into menstrual disturbance groups:
with amenorrhea, oligomenorrhea and
eumenorrheic. EA of 30 did not distinguish
subclinical menstrual status. EA was similar across
sub-clinical menstrual disturbance groups. RMR
ratio and TTz was lower in amenorrheic vs
eumenorrheic athletes

Reed et al. 2013 19 Division 1 female saer
players observed during

pre, mid and postseason

El via 3day diet record, EEE via heart rate
monitors with software and exercise
records and used to determine METSs.
RMR accounted for via WHO equation,
EDI-2, maximal aerobic capacity via
indirect calori metry, hormone analysis via
a blood sample, EA

LEA more common in the middle of the season.
LEA prevalence pre, mid and postseason was 26%,
33% and 12% respectively. El was lower mid and
post-season compared to preseason and EEE
decreased over time. EA ngatively associated with
body dissatisfaction and drive for thinness in mid-
season
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Hoch et al. (2009)

80 female varsity athletes
and 80female sedentary
students (16 + 0.95y)

Questionnaire to assess menstrual status,
physical activity and eating attitudes and
habits via EAT-26 score, eating disorder
behaviours via DSMIV questionnaire and
interview.

El via 3DDR, blood samples for hormone
analysis (TSH, estradiol, FSH, LH), BMD
via DXA, EEE via Compendium of
Physical Activity, EA

LEA was present in 36% of athletes and 39% of
sedentary students. A greater percentage of athletes
had menstrual dysfunction compared with
sedentary students (54%vs 21%, respectively). A
greater percentage of sedentary students had
reduced bone mineral density compared to athletes
(30% vs 16%, respectively)

Male -specific

Torstveit et al. (2019)

53 trained male endurance
athletes (cyclists,

triathletes, runners)
recruited to explore
associations between
exercise dependence, eating
disorder symptoms and
biomarkers of RED'S

Questionnaires (exercise dependence
scale, eating disorder examination
guestionnaire), body composition via
DXA, RMR via ndirect calorimetry, El via
3-4DDR, EEE via training records and
heart rate, EA, hormone and glucose
measures via blood sample

Higher EXD scores positively associated with eating
disorder symptoms, greater negative energy balance
and higher cortisol levels.

Higher EXD scores were associated with lower
blood markers of glucose, cortisol: testosterone
ratio, and higher cortisol: insulin ratio

Narla et al. (2019)

1 division 1, collegiate
swimmer (20y)

Casestudy presenting with low
testosterone (30 ng/dL), low LH,
low/normal FSH and normal SHBG

EA estimated as-1.3 kcal/kg FFM/day

LEA due to the intentional and guided
weight loss goal from 91 to 86 kg,
determined by team coaches and a sports
physician

Casestudy was prohibited to exercise for one
month to put on body weight (under a behavioural
contract). 13 days after exercise prohibition and
increasing El, athlete increased 3.3kg (86kg) with
EA estimated at 42 kcal/kg FFM/day, and total
testosterone 136 ng/dL

Later months increased to 89kg (14% body fat, from
11.2%) with increases in total testosterone during
the next three months (269, 302, 244 ng/dl,
respectively)
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Heikura et al. (2019)

6 professional male cyclists
from UCI World Tour road
cycling team (pilot study)
followed during an 8-day
window of single-day racing

Blood hormone analysis, El via 24h
records, EEE via heart rate and power
meters, EA (LEA, modEA), body
composition via skinfold analysis

50% of cyclists had LEA and had lowerace and rest
day EA compared to modEA. During and postrace
CHO intake were less than recommendations.
Cyclists periodize energy and CHO intake by day.
Alternate low EA (<10 kcal/kg FFM/day) shows a
trend to decreased testosterone and IGHL

Keay et d. (2019)

45 competitive male road
cyclists, paired based on Z
scores: with one cyclist
receiving nutritional and
skeletal loading education
and followed after 6mo.

SEAQI used to categorize behaviour
changes with nutrition and skeletal
loading interventio ns (positive, negative,
unchanged BMD scores), body
composition and BMD via DXA

Positive change in both behaviours saw an increase
in spine BMD, negative changes in both behaviours
saw a decrease in BMD. Reduced EA associated
with negative cycling performance, increased EA
associated with better cycling performance. The
psychological barrier of fear accounted for no
change in behaviours

Keay et al. (2018)

50 competitive male road
cyclists used to evaluate a
sport-specific EA
questionnaire (SEAQ) to
identify male cyclists at risk
of RED-S

SEAQI included question relating to
exercise history, nutritional eating
behaviours, injury history, health history.
Interviews were conducted to verify and
gather more information on questionnaire
responses. Body compsition and bone
health via DXA, endocrine and metabolic
markers via blood

SEAQ| found 28% had LEA and was the main
factor in explaining low BMD. Those with LEA and
minimal previous load-bearing sport was associated
with low BMD. 10% had chronic LEA had educed
testosterone, lower body fat and impaired cycling
performance at higher training loads. Vitamin D
concentration was below the recommended level.
Training loads positively associated with FTP
watts/kg, with LEA athletes not performing at

higher training loads

Torstviet et al. (2018)

46 male endurance athletes
(cyclists, triathletes,
runners) recruited to
estimate and compare
within -day energy balance
between those with and
without suppressed RMR

VO2max and RMR via indirect
calorimetry, body composition via DXA,
hormone analysis via a blood sample, El
via 4DDR, EEE via training records, EA

65% had suppressed RMR. No difference between
RMR groups in 24h EB and EA, but those with
suppressed RMR spent more time in an energy
deficit and larger single-hour energy deficit. The
greater single-hour deficit was associated with
higher cortisol and lower testosterone: cortisol.
Greater time spent in within-day energy balance
and larger single-hour energy deficit had lower
body fat%.
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Woods et al. (2018)

13 trained male cyclists
recruited for a 6 week
intensified training

No EA calculated

RMR via indirect calorimetry, body
composition via DXA, El via 3DDR, EEE
via power output heart-rate variability,
programme appetite score, hormone analysis via a
blood test, mood questionnaires
(multicomponent training distress scale,
recovery stress questionnaire for athletes).

Training decreased RMR, body mass, fat mass and
HRV and improved with recovery. A reduction in
anaerobic performance and total mood disturbance
AAOOGAA AU O1 OAOOAAAEET Ci

Male and female

Beermann et al. (2020)

21 males, 20 females NCAA El via an online FFQ, EEE vidraining

records using MET-hours/wk). EA,

runners implementing RMR Cunningham
equation. Body composition via DXA,

Division 1 crosscountry

43% had LEA (from FFM)(<30). Athletes consumed
low CHO compared to recommendations, 100% of
males and 75% of females met protein and iron
recommendations. Many did not meet calcium and
Vit D recommendations. This group consumed
higher amounts of fat

Staal et al. (2018)

20 female and 20 male

DXA), blood pressure,

Body composition and bone health via
professional ballet dancers  DXA, Questionnaires LEAFQ, EDI-3,
RMR via indirect calorimetry, predicted
RMR (Cunningham, Harris-Benedict,

Prevalence of suppressed RMR (RMR ratio <0.9 as
marker of energy deficiency) dependedon the
predicted RMR equation used. 40% of females were
at risk of LEA (from LEAFRQ). Suppressed RMR was
associated with higher LEAFQ score (females) and
higher training volume (males). Majority of dancers
with suppressed RMR were identified without an
eating disorder (10%, male and female had an
eating disorder).

Heikura et al. (2018)

35 female and 24 male
world-class middle- and

race walkers

El via 7DDR, EEE via training records,
blood analysis for metabolic and
long-distance runners and reproductive hormone function, body
composition and BMD via DXA, injury
and iliness rates. LEAFQ for female
athletes, RMR via Cunningham equation

37% of females were amenorrheic and 40% of male:
had low testosterone, and both groups and lower
sex and metabolic funcion, and greater incidence

of bone injuries. Qualitative training tools were

more sensitive to symptoms of impaired endocrine
metabolic function and bone health compared to

EA calculations
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27 female and 21 male
world-class middle- and
long-distance runners and
race walkers during a
training camp at altitude

Heikura et al. (2018)

Hbmass using carbon monoxide
rebreathing capillary fingertip blood
samples, Blood analysis of sex hormones
and iron, body composition BMD via

DXA, LEAFRQ for females, El via 7DDR,
EEE via training records, illness/injury
incidence at altitude via reporting and
reduction in training. RMR via
Cunningham equation

Hbmass increased in both sex, with a greater
increase observed in femalesGreater increase in
Hbmass observed with greater hypoxic exposure
and in those with lower pre-Hbmass values.
Healthier athletes increase Hbmass more than
athletes that became sick. No correlation with EA
scores and Hbmass changes. No correlations of
effects of sex hormones or BMD on Hbmass. High
risk of LEA correlated with Hbmass responses;
lower Hbmass pre in amenorrheic vs eumenorrheic
females and atrend for higher increases in Hbmass
with lower LEAF-Q scores.

Viner et al. (2015) 6 male, 4 female

competitive endurance road

and off-road cyclists with
low BMD recruited and
followed across a season
(pre-season, competition,
off-season)

El via 3DDR, EEE via power output, heart
rate and METs, EA, BMD and body
composition via DXA, questionnaire
(three-factor eating questionnaire).

EA did not change across the season. 70% had LEA
(<30 kcal/lkg FFM/day) across the season with 90%
had LEA at least once during the season. Low El
and CHO main contributor to LEA in cyclists; 70%
were restrained eating

BD, body dissatisfaction; BDI-1a; beck depression inventory; BMD, bone mineral density; CHO, carbohydrate; DDR, day diet record; DHEA, dehydroepiandroster®; DSM-
IV, diagnostic and statistical manual of mental disorders; DT, drive for thinness; DXA, dualenergy xray absorptiometry; EA, energy availability; EAF26, eating attitudes
test; EDI-2, eating disorder inventory; ED, eating disorders; EDEQ, eating disorder examination questionnaire; EEE, exercise energy expenditure; EEB, eating disorder
inventory, El, energy intake; EXD, exercise dependence; FFM, fdtee mass; FFQ, food frequency questionnaire; FSH, follicle stimulating hormone; FTP, functional
threshold power; Hb, haemoglobin; HRV, heart rate variability; IGF1, insulin-like growth factor 1; LBM, lean lody mass; LEA, low energy availability (<30kcal/kg FFM/day);
LEAFQ, low energy availability in females questionnaire; LH, luteinizing hormone; LHTH, live at- and train at- high altitude (2135m); MD, menstrual dysfunction; MET,
metabolic equivalent; mod-EA, moderate energy availability (>30kcal/kg FFM/day); NCAA, National Collegiate Athlete AssociationpRMR, predicted RMR; REBS, relative
energy deficiency in sport; RMR, resting metabolic rate; SEAQ, sport-specific energy availability questionnaire and nterview; SHBG, sex hormonebinding globulin; TDEE,
total daily energy expenditure; TFEQ, Three factor eating questionnaire; TSH, thyroid stimulating hormone; TT, total triiodothyronine; VO2max, maximal aerobic capacity;

WHO, world health organization
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An overview of the variety of methodologies implemented in determining the
components of EA with the referenced experimental research studiesis depicted in Figure

2. As alluded, EA is comprised of energy intake, exercise energy expenditure afdM.

3.1.1 Energyntake

Determining energy intake was similar in most studies. A daily diet record was the most
common methodology used (Figure 2). However, the duration of the daily diet record

varied as well as when the diet was recorded on consecutive daykleikura, Burke, et al.,

2018; Heikura, Uusitalo, et al., 2018; Melin et al., 2015; Reed et al., 2013; Torstveit et al., 2018,
2019; Woods et al., 2018; Zabriskie et al., 2018kernative days(Viner et al., 2015)and/or
spanning weekdays and weekend daygCivil et al., 2019; Hoch et al., 2009; Mathisen et al.,
2020; Reed et al., 2015; Torstveit et al., 2018; Zabriskieak, 2019) The collection of energy
intake varied by using one or a combination of the following methods: (i) weighed diet

records (Civil et al., 2019; Heikura, Burke, et al., 2018; Heikura, Uusitalo, et al., 2018; Hoch et
al., 2009; Mathisen et al., 2020; Melin et al., 2015; Reed @t 2015; Torstveit et al., 2018,

2019; Viner et al., 2015; Woods et al., 2018)) computer software (Torstveit et al., 2019;

Viner et al., 2015)(iii) photographs (Heikura, Burke, et al., 2018)(iv) Apps (Woods et al.,
2018; Zabriskie et al., 2019pr using (v) provided diagrams and materials to estimate

portion sizes(Reed et al., 2013, 2015)
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Figure2. Overview of the methodologies implemeled to determine components of energy availability in physiologiecahsed studiesDDR, daily diet
record; DXA, duaénergy xray absorptiometry; EA, energy availability; EEE, exercise energy expenditure; El, energy intake; Fibk fatiss; FFQ,
food frequency questionaire; LBM, lean body mass; MET, metabolic equivalent; RMR, resting metabolic rate; W] Health Organization
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3.1.2 Exercisenergyexpenditure

The greatest methodological variation was observed in determining exercise energy
expenditure (EEE). Many studies estimated EEE using training records with or without a
combination of heart rate, the Compendium of Physical Activity using metabolic
equivalents (METS), power meters, accelerometers, and rate of perceived exertion scales
(Figure 2). The range of methods each have their limitations, and therefore, on a collective
level, comparisons of EEE between studies become challenging. Also, many sied
accounted for the RMR component within EEE, so as not to underestimate EA. However,
different methodologies were implemented, e.g.,estimating RMR using predicted equations
(Beermann et al., 2020; Civil et al., 2019; Heikura, Burke, et al., 2018; Heikura, Uusitalo, et
al., 2018; Reed et al., 2013; Viner et al., 20d&npared to measuring RMR using indirect
calorimetry (Melin et al., 2015; Reed et al., 2015; Sygo et al., 2018; Torstveit et al., 2018, 2019;
Woods et al., 2018; Zabriskie et al., 2019Vhe issues whea implementing predicted RMR
eguations in athletic populations have been discussedSchofield et al., 2019; see Chapter
2iii, Manuscript 3), in that earlier predicted RMR equations that do not account for FFM

may cause errors in the RMR calculations

3.1.3Energydeficiency

Another marker of LEA is specific energy deficiencywhich is determined by the RMR ratio
of measured RMR(nRMR) to predicted RMR (,RMR). Sudies used thismarker in
conjunction with (Reed et al., 2015; Staal et al., 2018; Torstveit et al., 2018; Zabriskie et al.,
2019)or instead of determining LEA (Mathisen et al., 2020) Staal et al.(2018)demonstrated
the prevalence of energy datiency is dependent on the,RMR equation used. For example,
in professional ballet dancers, the prevalence of energy deficiency using the HarriBenedict
or dual-energy xray absorptiometry (DXA) predicted equations was 45% and 50% in
females, and 25% and 55% in males, respectively. The prevalence increased using the
Cunningham ;RMR equation to 100% and 80% in females and males, respectivelRecent
reports show the RMR ratio threshold of 0.9 shoud be altered depending on the,RMR
equation used (Strock et al., 2020) For example, the RMR ratio cutoff of 0.9 is suitable
when using Cunningham (1980) and HarrisBenedict (1919) predictive equations. dwever
increasing the ratio cut-off to 0.92 and 0.94 when using the Cunningham(1991) and DXA
predictive equations, respectively, is suggested to provide greater sensitivity in screening

for energy deficiencyin exercising females(Strock et d., 2020).

43



Chapter 2i

3.1.4 Energy availability

As demonstrated, determining EA is challenging due to difficulties and errors in measuring,
and the variety of methods of measuring each component of the EA equation. Burke et al.
(2018)reviewed the issues in determining EA in the laboratory and freeliving settings,
calling for a standardized measurement protocol. Furthermore, Burke and colleague2018)
highlight that determining EA using experimental procedures should become secondary to
screening tools such as thd_ow Energy Availability in Females Questionnaire (LEAFQ)
(Melin et al., 2014)and RED Sclinical assessment tool(RED-S CAT)(Mountjoy et al., 2015)

3.1.5Body composition

FFM was determined in eleven studies, with all implementing the gold standard of body
composition method of DXA. However, three studies defined EA using learbody mass
(LBM) compared to the remaining studies using FFM. LBM incorporates the weight of
water, organs, muscles, bones, ligaments, tendons and essential fat. FFM includes all of
LBM components except essential fat. As FFM mass is lighter than LBMhe EA value
would be lower when usingLBM compared to FFM Therefore, FFM values maypotentially
underestimate EA. Furthermore, the disparity in RMR results was confirmed in female

exercisers when the use of LBM and FFM was used interchangeal{i$trock et al., 2020)

3.2REDS and LEA research implementing surveys

Of the studies that investigated laboratory-based measuresmany (n = 15) incorporated at
least one form of a psychometric questionnaire. The most popular questionnaires related to
eating disordered behaviours 6eeTable 4). Of the research that implemented surveys, the
LEAFRQ was administered in three of eight femalespecific studies, and three studies that

included both male and female athletes.

Sudies that implemented surveys (Table 3) were conducted to examine the
prevalence of LEA(Ackerman et al., 2018; Lane et al., 2019; Slater, McL@poke, et al.,
2016) the risk of LEA (Condo et al., 2019; Logue, Madigan, Heinen, et al., 2018y the
prevalence of REDSrelated factors (Brook et al., 2019) A common questionnaire usedwas
the LEARQ (Melin et al., 2014) In this review, the LEAFRQ was used in all femalestudies to
determine the risk of LEA or prevalence of LEAand ranged from 30-47.3%(Ackerman et al.,
2018; Condcet al., 2019; Logue, Madigan, Heinen, et al., 2018; Slater, McL@poke, et al.,
2016) The LEAFQ is a validated screening tool that identifies female athletes at risk for the
Triad (Melin et al., 2014) This easyto-administer screening tool detects those at risk of

LEA, with or without eating disorders. The tool focusses on bone health, menstrual
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dysfunction, gastrointestinal symptoms, and injury. Despite the tool being defined by
identifying female athletes at risk of the Triad, many studies have implemented the tool to
identify female athletes at risk of LEA. The populations studied from the listed references
mirror the type of participants that were usedto develop the LEAFRQ (female endurance
athletes between 1839y training at least 5 times a week). However, there is a need fdhe
LEAFQ to be validated on other athletic populations such as power sports, aesthetic sports
and/or team sports. Furthermore, surveys and questionnaires depend on the athlete
answering the questions honestly. As an aside, this is a benefit of an interview because the
body language can be read from someon@ho might be interpreted as hiding their

behaviours or explicitly lying (see Section 3.3)

Given the RED'S model incorporates a psychological componen{Mountjoy et al.,
2014) it was suprising that only two studies implemented measures of cognitive function
or changes in mood (Table 4). Mathisen et al. (2020) reported an increase in depression
scores in female fitness athletes between the time they started to reduce dietary intake until
2 weeks before their first competition. However, despite the significant increase in scores,
the values obtained throughout the study were not above the cuti £&£ OAT OA O1 AAOQAA
Al ETEAAT T U OECTI EZEAAT O ADPEOIT Adck DepiessicRET O AADOA O«
Inventory (BDI-13 determines individuals with depression, the increase in scores does
demonstrate potential links to LEA and increased mood disturbance. As demonstrated by
Woods et al. (2018) an increase in mood disturbance, determined by two mood
questionnaires of perceptions of stress and recovery, was associated with the intengisix
week training programme (Woods et al., 2018) Also, the authors found associations
between mood disturbance with perceived recovery and hearrate variability (a measure of
fatigue). These associations demonstrate the links between physiological and psychological

functioning in response to training loads.

Williams and colleagues(2019)are currently investigating the effectiveness of a 12nonth
randomized controlled trial intervention study, that aims to use non -pharmacological
treatment to re-establish menstrual functioning in exercising women. This study aimed to
increase the energy intake of exercising women with seare exerciseassociated menstrual
dysfunction and to restore menstrual status. Amongst the physiological data collected,
participants met with a clinical psychologist twice each month, for the first three months,
and then monthly after. The purpose of theclinical psychological meetings was tomonitor

general psychological and eating behaviour status to provide support implementing the
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energy prescription intervention. Eight surveys were integrated that incorporated eating
behaviours, stressand mood. Postintervention follow -up included psychologist and
nutritionist interviews, with the results yet to be published. Gaining insight into the
psychological element of this study will help create future interventions, and to limit

potential barriers that these women may have faced in improving menstrual function.
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Table3. Relative Energy Deficiency inSport (RED-S and low energy availability LEA research conducted via survey

Author

Participants

Methodology

Key findings

Female -specific

Ackerman et al.
(2018)

1000 patients seen at the
sports medicine centre, 1%
30y

An online survey addressing health,
illness, injury, sports performanceand
Triad/RED-S risk factors. Questionnaires
included: BEDA-Q, ESP, LEAFQ and
Faecal Incontinence Questionnaire

47.3% of athletes had LEA

LEA was associated with the negative health and
performance consequences as suggested by the RED
model

Condo et al. (2019)

30 elite Australian rules
football players, 1835y

El via 3 nonconsecutive ASA24 dietary
assessment tool, EA via LEAR, nutrition
knowledge via SNKQ

30% at risk of LEA. CHO intake on training days
below recommendations, and calciumand iron below
recommendations. Nutritional knowledge scores low
(54.5%)

Logue et al. (2018)

833 athletic and active females
from Ireland

LEAFQ administered online with
additional questions including
demographic, body mass history, type and
level of spott, time spent exercising,
nutritional habits and supplements,

illness history and effect of injury or

illness on training or performance

39.7% of females were at risk of LEA, and greater odd:
of LEA risk in competitive athletes. Risk of LEA was
not associaed with hormonal contraceptive users.

Risk of LEA increased with increasing exercise hours.
Those at risk of LEA had a greater frequency of missec
days of training due to illness

Slater et al. (2016)

109 female recreational
exercisers

LEARQ

45% of execisers were at risk of LEA, with a greater
number who participated in individual sports. The
increases in the amount of exercise per week had
greater odds of being at risk of LEA

Male -specific

Lane et al. (2019)

108 competitive recreationally
trained endurance athletes
(triathletes, runners, cyclists)

Adaption of validated CHAMPS survey
including physical characteristics, training
history and training/diet, injury history,
and competitions behaviours.

The secadary stage included El via 3DDR
forms and EEE via training records and
calculated by Compendium of Physical
Activity (and METS). Estimated RMR
(Cunningham equation) and estimated
lean body mass (Boer calculation). EA
calculation adjusted for RMR

47.2% clasified at risk of LEA (<30 EA) with
significant differences in EA between groups:
moderate risk (300 i %! Q@ AT A 11 OE«
Cyclists had lower EA compared to runners and other
sports (triathlon and team/club sport). No

associations between supplemerdtion and EA values.
EA risk category was unaffected by injuryinduced
training breaks
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Male and female

Brook et al. (2019) 260 American elite para An online questionnaire including topics 63% of males and 60% of females were attempting to
athletes (150 males, 110 relating to LEA via EDEQ and questions  change body composition or weight to improve
females) training for Summer  relating to BMI, body weight, body weight  performance. 44% of females had oligomenorrhea or
(2016) or winter (2018) pressures. Menstrual dysfunction via a amenorrhea. Bone stress injuries were low (9.2%).
Paralympic Games self-reported history of menstrual cycles.  Knowledge of Triad (8.1%)/REDBS (9.2%) terminology

Low BMD via seltreported stress was low

fracture/stress reaction history, and
family history of low BMD. Awareness of
Triad/RED-S via yes/no question.

ASA24, automated selfadministered 24h; BEDAQ, Brief Eating Disorder in Athletes Questionnaire; BMD, bone mineral density; BMI, body mass index; CHAMPS,
Community Health Activities Model Programme for Seniors; CHO, carbohydrate; DDR, daily diet record; EA, energy availabilityEDE-Q, Eating Disorder Examination
Questionnaire; EEE, exetise energy expenditure; El, energy intake; LEAR, low energy availability in females questionnaire; ESP, Eating Disorder Screen for Primary Care;
LEA, low energy availability; METs, metabolic equivalents; REES, relative energy deficiency in sport; RMRresting metabolic rate; SNKQ, Sports Nutrition Knowledge
Questionnaire; Triad; female athlete triad
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As the LEAFRQ is specific to female populations, currently there is no malespecific
guestionnaire that can determine male individuals at risk of LEA. Lane et al(2019)
implemented a two-stage survey to determine the prevalence of LEAni male athletes. To
determine those at risk of LEA, the second survey was administered for participants to
complete a three-day diet record and to provide training records to estimate energy intake
(El) and EEE respectively. Estimations ofLBM calculated based on survey data previously
submitted, and estimation of EA was calculated. This study was the only one that calculated
EA through survey data. LEA was classified using the femalspecific LEA cutoff thresholds
(see above). The risk of LEA in this mad population was comparable to the risk of LEA
found in female populations (Table 2). Lane et al.(2019)is the first study that has

investigated the prevalence of LEA, via a survey, in male exercising populations.

Dietary intake is a key contributor to EA. Two studies that implemented surveys,
investigated energy intake using either an online selfadministered dietary assessment
(Condo et al., 2019pr completing diet record forms (Lane et al., 2019)As mentioned, the
latter study calculated EA, however, the former study used energy intake to investigate the
macronutrient and micronutrient content in elite Australian Rul es football players, and did
not calculate EA. Selfreported dietary intake of individuals is vulnerable to measurement
error (Capling et al., 2017)and a surveybased study may provide a greater bias in
underreporting. In addition to this limitation, athletes also have transient day -to-day El
variation that is due to varying levels of EEE Condo et al.(2019)implemented a single 24h
automated dietary assessment tool to reducehie burden for the participant, but the diet
may be misrepresented of the usual diet depending on the day this was administered.

However, the validity was improved by conducting the 24h diet record on multiple days.

LEA can occur with altered intentional and unintentional dietary behaviours. There
is a plethora of research employing questionnaires to investigate the psychological impact
of female clinically-diagnosed populationssuffering or recovering from eating disorders.
While some of these early questbnnaires were developed from clinically diagnosed
populations, they are used in sporting populations. For examplethe eating disorder
inventory-3 (EDI-3) questionnaire (Table 3and 4). Since the earlier questionnaires,
researchers have increasingly recogmed the complexities of abnormal eating behaviours
within sports, and developed athlete-specific questionnaires for example, the Brief Eating
Disorder in Athletes Questionnaire (BEDA-Q; Table 4). Most of the studies that have

implemented questionnaires on eating behavioursare within female populations, with few
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studies observing the impact inmale populations (Table 3and 4). Moreover, there is a lack

of research that investigates the psychological impact of athletes with LEA from an

unintentional altered dietary intake behaviour.

Table4. Questionnaires used in experiment&elative Energy Deficiency inSoort (REBS) and

low energyavailability (LEA) research

Questionnaire(s)

Author(s)

Eating disorder-based Questionnaire

Eating Disorder Examination Questionnaire
(EDE-Q)

(Mathisen et al., 2020; Torstveit et al., 2019)

Eating Disorder Inventory (EDI-2, EDI3)

(Meng et al., 2020; Reed et al., 2013; Staal et
al., 2018)

Eating Attitudes Test (EAT-26)

(Hoch et al., 2009)

Diagnostic and Statistical Manual of Mental
Disorders (DSM-1V)

(Hoch et al., 2009)

Three Factor Eating Questionnaire (TFEQ)

(Civil et al., 2019)

Addiction Questionnaires

Exercise Dependence Scale (EXDS)

(Torstveit et al., 2019)

Mood Questionnaires

Beck Depression Questionnaire (BDi1a)

(Mathisen et al., 2020)

Multicomponent Training Distress Scale (MTDS)

(Woods et al., 2018)

Recovery Stress Questionnaire for Atletes
(RESTQ52 Sport)

(Woods et al., 2018)

Energy Availability Questionnaires

Low Energy Availability in Females
Questionnaire (LEAF-Q)

(Heikura, Burke, et al., 2018; Heikura,
Uusitalo, et al., 2018; Mathisen et al., 2020;
Meng et al., 2020; Staal et al., 2018)

Sport-Specific Energy Availability Questionnaire
and Interview (SEAQ)

(Keay et al., 2018, 2019)

Relative Energy Deficiency in Sport

(Heikura, Uusitalo, et al., 2018)

Female Athlete Triad

(Heikura, Uusitalo, et al., 2018)

Other (self-reporting questions)

Physical Activity

(Hoch et al., 2009)

Visual Analogue Scales (rest, soreness, traing,
or appetite)

(Woods et al., 2018; Zabriskie et al2019)

Menstruation

(Hoch et al., 2009; Reed et al., 2015)

Altitude sickness

(Heikura, Burke, et al., 2018)

3.3 Strengths and limitations of quantitative approaches

Quantitative approaches can be used with laboratorybased research€.g.,blood tests,

power data, physiological measures), or questionnaire/surveybased researche.g., LEAF-

Q). The strengths of quantitative methods usinglaboratory-basedmeasures include(i) that

they can be relatively easy to analys€ii) data can be consigent and reliable, and (iii) the

findings can be generalized if the study cohort is representative of the population of

interest. However, the limitations to quantitative experimental approaches are that the data

may not be strong enough to explain complexissues, and therefore it may also be hard to

understand the context beyond the individual athlete.
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The strengths of quantitative methods that implement surveys and questionnaires,
provide (i) a vast collection of numerical data that allows for prompt analysis, (ii) the
generalization of findings, and (iiij) can test previous theories or hypotheses with a specific
outcome (Johnson & Onwuegbuzie, 2004) However, the limitations of quantitative analysis
via surveys and questionnaires include incorrect or misaligned use of research questions
that are not reflective of the true population studied or concluding data that does not
include the experiences of the studied population(Johnson & Onwuegbuzie, 2004)In
addition, limitations of quantitative surveys and questionnaires include reporter bias,

differing perceptions of symptoms, and poor or inaccurate recall (if required).

Questionnaires are a great tool to determine the prevalence of an area of interest.
However, questionnaires fail to provide insight into the individual experiences, perceptions,
and pressures withina sport that may exacerbate behaviours or thoughts that can lead to
an LEA state. In contrast, in-depth interviews allow for greater understanding, especially
when investigating complex and integrated syndromes such as LEA and REB. Therefore,
gualitative methods such as interviewspermit researchers to obtain further inform ation on
the reasons behind current food practices, body image pressures, and athlete
Ol AROOOAT AET ¢cO AT A AAOGEITO 11 O&OCATTEICE A O
athlete can easily lie, or not answer a question (either to protect self or in daial) when
completing a survey. Also, it is much harder to purposefully disclose the truth during an
interview with an experienced interviewer trained to prompt and probe for more depth,

and to read other bodily cues (i.e., body language, silences) (see @pter 6).

4. Qualitative Approaches

Health science and sports medicine researclare typically dominated by quantitative

methods (Gagliardi & Dobrow, 2011; Slade et al., 2018)owever, qualitative methods are

Ei BT OOAT O AT A OAI AGAT O O1 ET &£ Oi AT A POI OEAA
and experiences that can augment quantitative findings(Slade et al., 2018)or example,

the addition of qualitative methods has been valuable in sports medicine research by

evaluating the behaviours, belids, motivations, barriers and attitudes of individuals

involved in health and exercise-based interventions (Draper, 2016; Slade et al., 2016; Stenner

et al., 2016) Although the research is in a broader health contextthe methodology

advantagesare ofrelevance to REDS and LEA research.
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4.1 REBS and LEA resear@mplementing interviews

Investigations that implement interviews allow for useful information to interpret thoughts

AAEET A OEOGAI T ET ¢C6 A& O bAO OlEenieivdallon lesetrtherdM®ET AOEA |
delve deeper into individual experiences to gatler better information and a greater

understanding of a topic, issue, or question.Interviews on the socio-psychological issues

surrounding elite athletes can provide rich and nuanced insights into the sporting culture

and how pressures are internalized, erbodied, and experienced.For elite athletes,

AREEAOGET ¢ 10 bi OOAOCOET ¢ Al OAGOOAI AT U OEET &6 AT ¢
sporting cultures. For some sports (i.e., triathlon, ballet, endurance running), a lean body

figure is often viewed as advatageous forperformance. The psychologicalimpact on an

individual could b e heightenedif they have a particular perception of the ideal body image,

or who experience bodyimage pressures within a highperformance sporting environment.

Therefore, unfavourably altering food choices or eating behavioursThis, in turn, could

reduce the amount of dietary energy consumedand lead an individual to have LEA.

Consequently, LEA could affect performance.

&AIT Al AG6 DPAOAAPOEITO 1T &£ AT AU Ei ACA AT A AATI
been reported in sociological and psychological researciChapman, 1997; Heywood, 2011b;
Krane et al., 2001)However, there are limited qualitative data that observe the effects of
RED-S, especidy in populations without eating disorders. Only one study has interviewed
female athletes, as part of a wider project, to understand the complexities and the female
AOE]I AOAOS A opSkThérpk ik £l&KD2019/Thig stuly adopted a feminist new
materialist approach to explore the biological and sociaecultural dimensions and
experiencesthat female endurance athletes facewith some women experiencing LEA and
RED-Srelated symptoms. Three main themesemerged from this study. First, the interviews
revealed the sporting culture shaped dietary and training practices, with many athletes
sharing concerns about their body weight and performance. For example, many athletes
discussed the belief that leannessvas associated with greater performance, and this led to
controlled dietary practices and for some athletes, this consequently led to LEA and
associated physiological impairment (i.e, menstrual cessation or irregularity). Second,
there was a theme of theathletes engaging with and makingsense of their biological data,
and demonstrated the interconnectedness of thebiological and cultural aspects of health,
with menstruation provided as an example. Third, some ofthe athletes were empowered by
the data andwere motivated to change. For example, one athlete sought medical expert

advice after seeingher own low bone mineral density scores andknowing shewas
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amenorrheic. However, others also were aware of the psychological inclinations that may
arise whenaiming to improve energy availability (i.e., compulsive personalities and being
very strict with diet). This study challenges anti-biologism (feminism that does not engage
with biological factors) and highlights the interaction between the biological and cultural

dynamics of athletes.

With these findings, it is clear that future research must challenge the current
methodological approaches to complex issues such as LEA and RER) and calls for an

approach that incorporates the many facets of this complex gndrome.

4.2 Strengths and limitations of qualitative approaches

1 0A1 EOAOGEOA 1 AGET AO OEAI b Omeanhgshdddn® OAT A AT A Ao
AET ATOET T O 1T £ OI AEAT 1 EAZAA AfiekadifiobBadhquankad@O 1T £ DAT 1
methods cannot obtain (Young & Atkinson, 2012, p. xiii) There are many methods in which

qualitative research cancapture the experiences, perceptions, or beliefs of individuals.

Other methods of inquiry, for example, observation, aut@thnography, journals, diaries,

and interviews, can be used on their own or in conjunction with each other(Smith &

Sparkes, 2016a; Young & Atkinson, 2012)he interview is a popular qualitative method that

EO OOAA &I O ET AEOEAOATI O O OOAI 1T OO1T OEAOKh A

p2
p2

perspectives, insights, experiences, feelings, emotions and/or behaviours in relation to the
research question© q@mith & Sparkes, 2016b, p. 103)
4EAR OOOAT COEO T &£ ET OAOOEAXxO ET Al OAA CAT AOAOD
AAT 60 OT AEAT AT A PAOOI T Al AOPAAQOO risigatslatOAOO6 h E/
be able to ask questions that may not have been previously plannefRubin & Rubin, 2005;
Smith & Sparkes, 2016b, p. 1Q7)herefore, interviews can explore the values, beliefs, and
assumptions of individuals, and what drives bénaviour (Yauch & Steudel, 2003)
Researchers can interview similar and/or diverse groups of individuals that can reveal
similarities, inconsistencies, and differences across the interviewgRubin & Rubin, 2005)
Furthermore, qualitative interviews can prioritise the quality of the data over the quantity
I £ OEA AAOA xEAT ET OAOOEAxO AOA OOAA xEOE AAOA,
theoretical assumptions, the choice of study design, research questions and analysis
(Roulston, 2010)

(i xAOAOR OEA ODOI Al A fing Gndidgs 6f AtéVie@E 4sC AT A OADI

mentioned by Smith and Sparks(2016b) include research focussed on the interviewee with
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little acknowledgement of the role of the interviewer, such that conversations and the

interactions between interviewer and interviewee may at times be misinerpreted. To add,

OEAU AOCOA OEAOA EO O1i xAU 1T &£ OAOOEI C Ai Cl EOE
ET AEOEAOAT A&£O01T1T 1100 EI OAOOEAx OAOAAOAESd j P8 Y
OEA OPOUAEIT T T CEAAT DOIT AMAr€ Mé prdcess ofdnalysid cantbO EAOAT 8 ¢

time-consuming and the results depend on the interpretation of the topic (Yauch &
Steudel, 2003) However, there are ways in which the weaknesses of interviews can be
overcome by(i) including the interactions of the interviewers (e.g., by including the
question to a participant response (ii) reporting the data with the interactions and/or
observations (i.e., laughter, sigh, vocal emphasis)(iii) including follow up interviews , or
(iv) including additional methods of data collection (e.g., journals/diaries, observations etc)

to complement the interview data.

5. Mixed-method Approaches

5.1.REDS and LEA researcimplementing questionnaires and interviews

From the current knowledge, there is limited research that specifically investigates REES

or LEA using mixed-method approaches. However, such approaches seem to be gaining

popularity. Findlay et al. (2020) implemented an initial questionnaire to determine

menstrual function history, followed by interviews to understand the perceptions of

menstrual cycles in international female rugby players. It was reported that 93% of players

experienced negative physichor psychological menstrual cyclerelated symptoms. Using

OEA ET OAOOEAxO Ol GCAElT ET OECEO EI O OEA AOEI AO/
cycles, the researchers found menstrual symptomsvere common (e.g.,abdominal

cramping and pain), and accants of heavy menstrual bleeding causing flooding. The

Pl AUAOO A@PPOAOOGAA Oxi OOUS8 AT A OAEOOOAAOQOEIT 6 AO
menstruation. The worry of flooding and lack of control of menses was prominent The

worry was heightened especially by sme when menstruating and wearing white shorts as

part of their competition uniform. More than two -thirds of the players expressed that

menses negatively impacted their training, and over half of players in the competition,

reported menstrual pain and reduced focus in sport. However, in contrast, this study also

highlighted some players were resilient and able to accept or adapt to the perceived

difficulties of menses and manage the symptoms during training and competition.
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Recently, Thorpe and colleague2019)have contributed to this area by exploring
mixed-method approaches that investigated the sporting cultures and the biological bodies
of elite sportswomen, and their experiences with REDBS. Togetherwith a multidisciplinary
team, a mixed-method approach revealed new knowledge of the relationship between the
cultural and biological processes in individual (i.e, running, multi -sport, Ironman) and
team sport athletes (i.e, rugby sevens)(Thorpe et al., 2019) For example, endurance
athletes focused on lean and toned bodies which were normalized with in their sporting
cultures, and reinforced through comments by coaches and peers. This sporting culture
transcendedinto changes in their physiological data. For example, over half (64%) of the
endurance athletes were categorized with LEA, and the majority of athletes (83%)
presented with iron deficiencies. Compared toendurance athletes the rugby players held
pride in their bodies being strong and powerful, regardless of size and shape, with a low
prevalence of LEA (29%) anda lower number of playerspresenting with iron deficiencies
(18%)(Thorpe et al., 2019) Moreover, this study calls for scientists and sociologists to
challenge their disciplinary boundaries to create new knowledge of LEA and REES by

integrating the biological and cultural research disciplines.

These studies are the first to use mixedmethods to investigate elite female athletes
and their impact on LEA and RED Srelated symptoms. These studies have allowed for
greater understanding and meaningful implications and recommendations for female
athletes and their sporting organization. For example,the organization mentioned by
Findlay et al. (2020) provided a point of contact that the players felt comfortable discussing
menstrual-related issues, and provided education to increase awareness, knowledge and
understanding of menstruation within the sport (Findlay et al., 2020) As shown by Thorpe
and Clark (2019) the biological data wereOAT OAT C1 AA6 xEOE OEA AOI OO0O0A
This demonstrates the valueof mixed-method approaches to aid in understanding the
complexity of RED-S.Nevertheless, there is a clear gap in the literature of the combined
gquantitative lab-based data and qualitative data that are used to improve the

understandings of athletes, both male and female, that present withor are at risk of LEA.

5.2 Strengths and limitations of mixethethod approaches
-EQAA 1 AOET AO AOA AAEET AA AO OOGEA A1l AOGO 1T £ OAO/
combines quantitative and qualitative research techniques, methods, approaches, concepts

or language into a singleO O O fdhoson & Onwuegbuzie, 204, p. 17) Mixed-method

approaches combine more than one methodwith the aim to answer an overarching
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research question, tohnelp OAOAAOA 11 OA &KOGisoE R01A p. 0IX:T&ih & O6
Woodman, 2010) Therefore, mixed-methods can increase the understanding of complex

health, social, political and cultural issues.

The strengths of mixed-methods allow the methods to complement each other, and
therefore possibly cancel out some of the limiting factors of quantitative methods and
gualitative methods, and thus strengthen the study (Jick, 1979; Tarig & Woodman, 2010;
Teddlie & Tashakkori, 2009; Young & Atkinson, 2012¥or example, qualitative research is
inquisitive and can provide an understanding that quantitative research cannot provide, as
well as a method of crossvalidation. Furthermore, mixed-methods allow for a variety of
methods to answer research questiongJohnson &Onwuegbuzie, 2004; Smith & Sparkes,
2016a; Young & Atkinson, 2012and the integration of results gives readers more
confidence of the conclusions drawnfromthe study (/ 6 # AOEAET h - OOPEUhR AT A
2010)) 1 AAAEOGETTh [ E@AA | rAbeiecle®redults bf unsdedi OO1 AT OA
contextual factorsod(Jick, 1979, p. 608)

However, the limitations of a mixed-methods research approach includg(i) the
difficulty of replication of qualitative research, that is pronounced in scientific quantitative
research (ii) the research question(s) must be clear and the processes to answer the
guestion(s) should be carefully considered to produce an adequate adaome, (iii) the
process of mixed methods can be timeconsuming (Jick, 1979)and (iv) if the researcher is
not working within an interdisciplinary team, a single researcher must be able to carry out
both qualitative and quantitative research (Bryman, 2007; Johnson & Onwuegbuzie, 2004)
which may mean they are less adept with some methods. Importantly, quantitative and
gualitative methods have different assumptions underpinning them, and researchers
embarking on mixed-methods approaches must be aware of these differencegs
demonstrated aove, when done well, mixed-method research approachedave the
potential to provide a greater understanding of LEA and REES. However, as Thorpe and
colleagues(2020) have documented, as well as sucpossibilities, there are also many

challenges of conductingLEA and REDS research across the disciplines.

Moreover, the use of mixedmethods doesOA E OA O and limitdtidhé. Birst, the

different research methodological paradigm stances or values of quantitative and

NOAI EOAOEOA OAOAAOAEAOO 1 AU AAOOA EOACAI AT O AT
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quantitative researchdand quantitative researchersA O A T bédidered, dsmissive, and
patronizing about how and why qualitative research is conducted | D groé fhé J 8
qualitative side, researchers can be very critical of mixednethods approaches because of
paradigmatic differences (different understandings of knowledge, truth, etc.) underpinning
quantitative and qualitative meth ods. However,Creswell (2006) provides examples of
qualitative researchers who advocate for mixeemethod research and many more
qualitative researchers are working within interdisciplinary teams to effectively conduct
mixed-method studies. Second, the quantitative and qualitative data may provide
contradictory results, or unexpected findings (Van Griensven et al., 2014)However, as
stated by Gibon (2012h A@EAO OEAT OEAxET ¢ Al 1 OOAAEAOQEI 1T OE
contradictory data highlights an as yet unappreciated complexity to your topic8 and, as
such, present profitable avenues (i.e.theoretical and substantive discovery) for further
researctd p.R28. Third, the different language used between quantitative and qualitative
methods canmake it difficult to communicate and integrate ideas. This leads on to the
fourth limitation, being the challenges in publishing and disseminating research. Therebre,
researchersusing mixed-methods approachesmay be forced to report findings separately
(Bryman, 2007) Although mixed-method research is growing, the author has had difficulty
locating peer-reviewed journals that accommodate mixedmethod research, particularly
that combines sport science and sociepsychologicalcomponents. Similar publishing issues
are highlighted in Bryman (2007), who interviewed mixed method researchers. The barriers
to publishing their work included the methodological bias towards one method, the
challenge of discussing the methods used, and the integration of results within the journal

word/page restrictions.

6. Conclusion

This review highlights the growing number of studies specific to LEA and REBS. Most of
the current literature implements quantitative methodologiesto understand the
physiological consequences of LEA and RE3. There islimited research using qualitative
methodological approaches to understand thepsychological considerations and
sociological contextthat are specific to LEA and REDBS. Although the psychological
component is incorporated in the RED-S model, it is clear the literature is scarcein this
area. Furthermore, there is a dire need to implement a mixedmethod approach to enhance
the understanding of the complexity and the interactions that occur between the

physiological and sociepsychdogical aspects in athletic populations.
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This review investigated the methodological approaches used in research
investigating RED-S and LEA.It is important to note that research from different
disciplinary backgrounds and different paradigms carry very different ontological and
epistemological assumptons. However, the differences are not insurmountable, if the
strengths and limitations of the different methodological approachesare carefully

considered.

The investigation of the physiological and sociepsychological underpinning of
RED-S in athletes using quantitative biological measures alongside qualitative indepth
interview data is limited. Therefore, implementing mixed -method approacheshas the
potential to add to the greater understanding of this complex syndrome. If research
continues to remain within the respective disciplines and fails to incorporate
understandings between how the body functions(i.e., the physiological) and how the
AobARAOEAT AARO AT A O1 AROOOAT AET CO OEADPA A(le,ET AEOE/
socio-psychological), the development and the effectof LEA will not be fully realized.
Therefore, implementing a mixed-method approach to comprehend an athlete who suffers
from LEA will not only provide a greater understanding of the condition but will also allow
for future directions to implement strategies or educational resources to help restore
optimal functioning. Moreover, the qualitative methods allow researchers to observe
beyond the individual diagnoses and recovery, and identify issues within a sporting cuure
affecting (possibly many) other athletes. In this instance, there is a shift beyond micrelevel
diagnosis, andtowards the meso and macro levels of REES. The shiftsare needed for the

prevention and recovery of REDS and LEA in sporting communities o be more effective.
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Chapter2ii: Low EnergyAvailability in Male Cyclists- Manuscript
1

Schofield K. L, Thorpe H., Sims S. T. (202Q)Where are all the men? Low energy
availability in male cyclists: A review. European Journal of Sport
Science https:doi.org/10.1080/17461391.2020.1842510

Overview : As the Relative Energy Deficiency in Sportmodel is not exclusive to female
athletes, it was important to investigate the literature that pertains to low energy
availability in males. Male cyclistswere chosen to keep to the theme and the population of
participants used in the thesis. Furthermore, to the author's knowledge, the effects of low

energy availahlity in male cyclists had not been reviewed.

Author & Note: Since the current manuscript in this chapter was accepted for publication,
another study has been published that would have supplemented the review. Stenqvist et al.
(2020)investigated the effects of a4veek, thrice weekly, highintensity endurance cycling
training on RED-S markers in 22 male welirained cyclists. The REBS markers that were
observed before and after the cycling training include@sting metabolic rateassessment,
body composition, blood lermone levels, performance measures and dietary energy intake.
The changes reported included aerobic capacity and functional threshold power improved,
and total testosterone concentration increasedollowing the training programme. However,
triiodothyronine levels andresting metabolic ratedecreased with an increase in cortisol that
demonstrated the negative responses to health based on REDnarkers. This study
highlights the detrimental effects é a short, intensive, training programme on REES

markers, despiteperformance increases
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Abstract

Most of the low energy availability (LEA) research has been conducted in female
populations. The occurrence of LEA in male athletes is not well known, evie with an
understanding of the components involved in and contributing to LEA. Cycling is a major
risk factor for LEA due to inherent sports characteristics: low impact, high energy demands,
and a common perception that leanness is a performance advantag&he purpose of this
review is to discuss the cyclingspecific studies that have documented components of RED
S. The review demonstrates male cyclist§) experience energy deficits daily, weekly and
throughout a season (ii) exhibit lower bone mineral density at the spine compared to the
hip, and low bone mineral density correlating with LEA, and (iii ) demonstrate
downregulation of the endocrine system with elevated cortisol, reduced testosterone and
insulin -like growth factor 1. The complexity of LEA is firther explored by the socio-
psychological contribution that may impact eating behaviours, and therefore increase the
risk of developing LEA. Future research directions include applying multifaceted research
methods to gain a greater understanding of thissyndrome and the effect of LEA on male

cyclists.

Keywords : bone health, nutrition, performance, physiology, sociology

Highlights
1 Male cyclists tend to train and compete in low energy availability states, increasing

the risk of developing low bone mineral density

1 The metabolic and hormonal changes in competitive male cyclists demonstrate a

multifaceted downregulation of the endocrine system

1 The socio-psychological contributions may impact eating behaviours, therefore

increase the risk of developing low erergy availability in male cyclists

1 Future research using mixedmethod approaches will contribute to more

multidimensional understandings of the risks and effects of LEA on male cyclists
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1. Introduction

Relative Energy Deficiency in Sport (REBS) is a symirome driven primarily by the
development of low energy availability (LEA) (Mountjoy et al., 2014) The LEA research to
date has focused primarily on femaleshowever, there is a growing recognition that male
athletes can also be affected by LEALogue et al., 2020) Male athletes are at risk of
negative health outcomes,similar to that of the female athlete triad, including disordered
eating behaviours, reduced sex hormone concentrations€.g.,testosterone, cortisol), and
poor bone health leading to low bone mineral density(BMD) (De Souza et al., 2019;
Tenforde et al., 2016)Similar to female athletes, the risks are greatest for those male
athletes who are involved in endurance events, weight classes, and those sports where
leanness is consigred a performance advantaged.g.,rowing, running, cycling, and weight-

class combat sport$ (Burke, Close, et al., 2018; Logue, Madigan, Delahunt, et al., 2018)

As the awareness and investigation of LEA in male athletes increases, sport
specificity should be a primary driver of scientific design, due to different physiological
demands and sociecultural beliefs on body size, composition, and performance across
sports. Therefore, this review will summarize the cyclingspecific literature that has
documented RED-S related components involving male cyclists. Competitive male cyclists
have shown to have large energy deficit¢Saris et al., 1989)and therefore have an increased
risk of LEA, and are at risk of low bone mineral density due to the due to the norload
bearing nature of the sport (Barry & Kohrt, 2008; Olmedillas et al., 2012)Specifically, we
discuss the physiological and socigpsychological impact of LEA or LEArelated
components in male cyclists. In addition, this review will briefly discuss the limitations of

assessing LEA in male athletic populations.

2. Methodology

This review was conducted using research databases including Pubme8gcopus, Web of
Science, ProQuest, and Google Scholar to collate published, peeeviewed research articles
(Figure 3). Combinations of the following key search terms wee included: athlete, cycling,
cyclists, energy availability, energy deficiency, exercise, exercise expenditure, energy intake,
energy restriction, low energy availability, male, men, relative energy deficiency in sport.
Those articles that were written in English, available in full text, peerreviewed, published
between 2000 2020, and were conducted using adult male exercising human participants

who were involved in cycling, were considered. Inclusion criteria included studies that
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aimed to observe changesn energy intake (EIl) or exercise energy expenditure (EEE) or
energy availability (EA), and investigated symptoms associated with LEAEIigibility criteria
included trained or competitive cyclists. For studies that included male and female
participants, the data for male participants were extracted from the study results where
possible. Exclusion criteria included reviews and editorialsanimal studies, studies that
investigated supplement use or dietary trends. The reference lists of retrieved articles were

also considered to identify additional articles not discovered by the database searches.

Articles identified through database Additional articles identified from
search reference lists
(n=1723) (n=23)

I '

Articles after duplicates removed
(n = 1657)
l Excluded
(n=1617)
Articles screened > (reviews, editorials, animal
(n=1657) studies, studies investigating
supplement use or dietary
l trends)
Full text articles assessed for eligibility ) Excluded
(n = 40) (n=30)
(untrained cyclists)

!

Articles included in review
(n=10)

Figure3. Flowdiagram ofreview ofliterature
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3. Keyinsights on bw Energy Availabilityn Male Cyclists

Table 5 summarizes the key findings of REBS symptoms within the cycling-specific
literature. The literature includes studies that have used either a crosssectional (n =2) or a
longitudinal (n = 8) study design. The range of REES elements include energy measures (n
= 8), bone measures (n = 4), metabolic and hormonal measures (n = 7), performance

measures (n = 2) and socigpsychological measures (n = 2).
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Table5. Keyfindings incycling specificarticles relating to Relative Energy Deficiency inSoort (REDS elements inmen

Descriptive
Author Population  characteristics* Criteria Study design Main measures Key findings
(n)
Mean daily energy deficit (-1338
Diet and training kcal/ day), with positive EB (454
Male (11) Cyclists records over 6 kcal) on rest day, causing 730g
Vogt et al. Professional  28.7+4.4y, . Longitudinal (6 : ; ’ .
. preparing for consecutive days weight loss over 6 days. Riders
(2005) road cyclists  181.0+4.2cm, days) 0
71.045.2kg Tour de France Basal EE calculated consumed only 67% of energy
T with HB equation requirements over 6 days. Daily EEE
was 30% higher than daily El
Enrolled in Dietary intake
commercial oweryout ut ,urine 86% of athletes had lower EI than
. Male (14) training N P PUL, EE, El and CHO intake reduced
Well-trained Longitudinal and blood markers - :
Geesman et 43.617.8y, programme for . significantly after station two.
amateur (throughout the  collected prior, three : .
al. (2014) . 181+6.2cm, ultra-endurance ; . Hydration sub-optimal at start of
cyclists . event) stations during, on . .
74.1+6.8kg 1230km cycling . event and did not change during
; completion and 12h
event Paris ost event event.
Brest-Paris P '
. - EA did not change across the
Diet and training
records on 3 season, yet below threshold <30
0CCasions: bre kcal/lkg FFM/day. Pre-season
o Male (6), Female pre 18.8+£12.1, competition 19.5+8.5, pes
Competitive : season, competition,
Viner et al road & (4) Active USA Longitudinal (13 post-season season 21.7+9.2
' . Males: 42.0+7.7y, Cycling : 40% and 10% had low BMD at
(2015) mountain . months) BMD via DXA .
bike cvelists 177.9+4.2cm, memberships Questionnaire lumbar spine and femoral neck
4 72.4+6.8kg respectively (unknown what

(TFEQ; to determine
those who limited
El)

proportion were male)
Low El and low CHO main
contributors to LEA
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Descriptive
Author Population characteristics* Criteria Study design Main measures Key findings
(n)
Metabolic hormones,
Well-trained Male (14) Participants in Longitudinal energy'mtake and Reducugns in testosterone, IGF1
Geesman et 43.6+7.8y, expenditure and leptin post and 12h post event.
amateur Geesman etal. (pre and post L
al. (2017) cvelists 181+6.2cm, (2014) event) measured pre, Greater erergy deficits showed
4 74.1+68kg <120min post event, greater reductions in IGF1
12h post event.
The SEAQI is an effective tool for
Competing >12 SEAQ, self- identifying male cyclists with LEA.
Male (50) mo at level reported FTP, BMD  LEA was relatedto low BMD. 28%
Keay et al. Competitive  35.0+14.2y, equivalent to Crosssectional via DXA, Blood identified with LEA, of which, 10
(2018) road cyclists  181+0.06cm, British Cycling samples for riders had chronic LEA. Mean Vit D
72.3+6.7kg category 2 or endocrine health was lowand testosteroneand Ts
above parameters was inthe lower half of the
reference ranges.
Data collected
during baseline,
Consistent Bu"d.’ Loading 1, RMR, BM, FM, HRV decreased in
. . Loading 2, Recovery ; .
training history N Loading 2 phasesand improved
. Longitudinal 1, Recovery 2. .
. Male (13) and competed in S . following recovery 2, El not related
Woods etal. Trained training study Performance testing . .
(2018) cyclists 3548y, 185+7cm, A andB grade (6 weeks) (VO2max, MAP) to training block, appetite
80.5+7.3kg races- RMR Bo,d ' decreased. Declines in PPO-@1.1%)
Performance » Body and MPO (-1.1%), decrease in HR
composition and
Level 3 peak

bone health via DXA,
El, mood
guestionnaires
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Descriptive
Author Population characteristics* Criteria Study design Main measures Key findings
(n)
65% had suppressed RMR. Those
with suppressed RMR spent more
Trained >55 ml/kg/min time in energy deficits exceeding
endurance Male (31) VO2max, > 4 Body composition 400kcal, and larger single hour
Torstveitet  athletes: 34.7+8.1y, training Longitudinal via DXA, VOz2max, deficits. Larger single hour deficient
al. (2018) cyclists, 179.5+5.3cm, sessions/wk. At (24h) RMR, metabolic associated with higher cortisol,and
triathlon, 72.0£6.1kg performance hormones, EA lower T:C ratio. Body % correlated
runners level 34 with more time spent in WDEB <0
kcal and larger single-hour energy
deficit.
Members of Periodized energy intakes day by
Mitchelton - Blood samples for day depending on race or rest days.
Male (6) Scott World hormone Trend of reduced T and IGF1 in
Heikura et Professional  30.045.7y, Tour (road Longitudinal (9  concentrations, EEE, cyclists with LEA on race days. Pre
al. (2019) road cyclists  1.87+0.004cm, cycling team) days) El, EA, body race fueling targets were meet, yet
77.4+2.7Kg competing in composition via during race, and acute and
Spring Classics skinfolds prolonged postrace recovery CHO
2018 fueling guidelines was poor
Longitudinal (6
mopqéﬁlntation _ Chal_"nges in ngtritic_)n and skeletal
N . of an BMD via DXA, loading exercises improved Iumb_ar
Male (45) Participants in educational SEAQHI, blood BMD over a race season. Reducing
Keay et al. Competitive  36.2+14.3y, Keay et al.(2018) . . samples for EA was associated with negative
. . intervention to : . ) A
(2019) road cyclists  1.80+0.06cm, who were atrisk improve endocrine health cycling performance, intervention
73.2+6.6kg of RED-'S parameters, self changes were not adhered by some

nutrition and
bone health and
followed up 6
months later

reported FTP

cyclists due to the fear of a potential
performance decrement
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Descriptive
Author Population characteristics* Criteria Study design Main measures Key findings
(n)
Higher EXDS scores were associatet
Well-trained Questionnaires g;g,?ggateegﬂ?]eg;i\;%sf% toms
cyclists, Male (53) » (EXDS, EDEQ), ce, eating ymptoms,
. ' Participants o and higher cortisol levels. Higher
Torstveitet  triathletes, 35.3+8.3y, . . body composition
al. (2019) long- 180.9+55 4cm from Torstveit et  Crosssectional via DXA RMR. El EXDS subscale scores were
' . DA al. (2018) X . associated with bio-markers of
distance EEE, blood samples .
. RED-Se.g.,lower fasting blood
runners for hormone analysis

glucose, lower T:C,and higher
cortisol:insulin ratio

*mean+SD, aBMD: areal bone mineral density, BM: bodynass, BMD: bone mineral density, DDR: day diet record, DXA: dal-energy xray absorptiometry, CHO:
carbohydrate, EA: energy availability, EAT26: eating attitudes test-26, EB: energy balance, EDE: eating disorder examination questionnaire, EE: energy exgnditure,
EEE: exercise energy expenditure, El: energy intake, EXDS: exercise dependency scale, FFMréat mass, FTP: functional threshold power, FM: fat mass, HB: Harris
Benedict equation, HPG: hypothalamicpituitary -gonadal, HR: heart rate, HRV: heartate variability, IGF-1:insulin-like growth factor 1, LEA: low energy availability
(<30kcal/lkg FFM/day), MAP: mean average power, MPO: mean power output, MPS: Mukdimensional perfectionism scale, PPO: peak power output, RMR: resting
metabolic rate, SEAQI: sport-specific energy availability questionnaireand interview, T3 triiodothyronine, T:C: testosterone:cortisol ratio, TFEQ: three-factor eating
questionnaire, UCI: Union Cycliste Internationale, VO.max: maximal aerobic capacity, WDEB: withinday energy balance
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3.1 Energymeasures: Energgvailability, energyintake, andenergyexpenditure

Table 6 provides the El, EE and EA comparisons of the collated literature in competitive
male cycligs. EA values observed in competitive cyclists during training(Vogt et al., 2005)
stage racing(Heikura et al., 20D), or a cycling seasor(Viner et al., 2015)were lower than
the average EA values that were observed in endurance athleté§orstveit et al., 2018)
Furthermore, the cyclists' EA values are well under the EA threshold for LEA classification
(<30kcal/kg BM/day) (lhle & Loucks, 2004) Three out of the five studies that either
measured EA or EA could be estimated from the data, reported cyclists, on averag® have
EA values less than the LEA thresholqHeikura et al., 2019; Viner et al., 2015; Vogt et al.,
2005) (Table 6). For example, during pre-season, competition and offseason, ~70%, 90%
and 80% of male and female cyclists were categorized with LEA, respective{y/iner et al.,
2015) Unfortunately, EA status reported by Viner et al.(2015)was pooled for sex, and
changes throughout a season in men alone cannot be distinguished. Given the reported, or
estimated low EA values of these studiegHeikura et al., 2019; Viner et al., 2015; Vogt et al.,
2005), the main contributor of LEA can be investigated by observing the relationships

between El and EEE.
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Table6. Energyintake, exerciseenergyexpenditure, energyavailability methodology andvalues inmale cyclingliterature

Energy intake

Exercise energy expenditure

Energy Availability

Methodology kcal/day ;‘;?}Qg/ Methodology kcal/day ;ﬁ;ﬁ% Methodology Fk:,(‘;.l//ggy
6DDR weighedand recorded Power crank SRM
by a dietitian EEE corrected by
Vogt et al. - N the gfficiency of
(2005) Analyzed using nutrition 3227+359 45* cycling and 274911052 39* NM ~8*
software Extrakt des accounted for BMR
BundeslebensmittelscHuessesl| BMR estimated
2.2 using HB equation
Recorded continuously by
trained staff throughout the
Geesmann race Power crank SRM
etal. 8777:2001 118+ o Pasedonlab g io46,1083 152 NM -
(2014, Analyzed using food - testing -
2017) manufacture informati on or
Federal German Nutrient
Database
EEE = MET x [(1
kcal/ kg
BM/hr)/RMR/kg EA = (Elz
p- BM/24 hr)] x BM [EEEZ
_?,DDR, \_/veighedand recorded P: 2121 * 29.31.6.8, (kg) x exercise P 1043+718, o (RMR/min X .
Viner et in Training Peaks by athletes C: 2512.* C: duration (hr) C: 1424491, P: 14 exercise P.. 18.8+12.1
] MET values > 4.0 i C: 20* min)]) /kg C:19.5+£8.5,
al. (2015} . os: 34.746.0, os: . :
Analyzed using Food . used. Values OS: 14* FFM/ day 0S:21.7+9.2
2302,* os: 10304539
Processor Software 318475 selected by speed,
7" RPE, HR zone FFM by DXA
RMR estimated (GE Lunar)

using Cunningham
equation
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¢FofS ¢ O2yldAydzSRX
Energy intake Exercise energy expenditure Energy Availability
kcal/kg kcal/kg kcal/kg
Methodology kcal/day BM/day Methodology kcal/day BM/day Methodology FEM/day
HR monitor
EEE (kcalkg/min)
= ((5.95 x HRaS) + EA = (Elz
(0.23-age) + EEE)/FFM
i BAgYQ X
4DDR, weighed food record 134)/4,186.8 Normal - Normal = pyie was Normal
. RMR: RMR: RMR;:
Torstveit by athletes subtracted
: 662+ 283 9* 14+11
et al. NR - Sleeping HR was Suppressed  SUDDIESS from EEE Suppressed
(2018) Analyzed using Diestist Net estimated from a PP i P ~ before being bp i
software resting supine RMR: ed RMR: used RMR:
measurement 675238 9 FFM by DXA 3712
during the RMR (Lunar
measurement Prodigy)
(sleep HR = 0.83 x
supine HR)
Power meters and
HR monitors
9DDR, weighed food record EEE estimated by
by athletes and researchers MPO x time (s) = Raceday
Heikura mechanical worI: 14.4+8.5
et al. Chef prepared main meals 6216+798  80.3* 5184+624 67* EA=EIZ EEE
(kJ) x gross
(2019) officienc Restday
Analyzed using FoodWorks 4 56.9+9.8

Professional software

Gross efficiency
determined from
lab testing
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¢FofS ¢ O2yldAydzSRX

Energy intake Exercise energy expenditure Energy Availability
kcal/kg kcal/kg kcal/kg
Methodology kcal/day BM/day Methodology kcal/day BM/day Methodology FEM/day
Lower Lower Lower Lower
Lower EXDS:
: . EXDS: EXDS: EXDS: EXDS:
Torstveit 3/4DDR, Wel-ghed. b)_/ athletes 30294575 41* Same as Torstveit 5464273 7 Sam.e as 41i11
etal. Analyzed using Dietist Net . . . . Torstveit et al. Higher
(2019) software Higher Higher etal.(2018) Higher Higher 2018 EXDS:
EXDS: EXDS: EXDS: EXDS: 35+16
3126+769 41* 925+415 12* B

BM: body mass, BMR: basal metabolic rate, DDR: daily diet record, DXA: duanergy xray absorptiometry, EA: energy availability, EXDS: exercise dependence scale
(measure of exercise dependence), FFM: fdtee mass, HR: heart rate, HRaS: heart rate abovéesping heart rate, kcal: kilocalorie, MET: metabolic equivalent, NR: not
reported, NM: not measured, RPE: rate of perceived exertion, RMR: resting metabolic rate, P: preseason, C: competition, O8:geason

*values calculated from mean data

3 . "theere was no significant difference in BM across the season

71



Chapter 2ii

Competitive male cyclists experienced large energy deficits during training camps
(Vogt et al., 2005)and racing (Geesmann et al., 2017; Heikura et al., 201@s well as
throughout a cycling season(Viner et al., 2015) Positive energy balance was observed on
cyclisO 08 O AVodh et Al.A20GB) and the rest days during stage racingHeikura et al.,
2019) However, the increase in energy balance on rest days was not sufficient to make up
the energy deficits experienced during training or stage racingHeikura et al., 2019; Vogt et
al., 2005) Calculating the energy measures relatie to body mass is advantageous to
compare findings across studies Table 6). El, relative to body mass, was remarkedly higher
in ultra-endurance cyclists(Geesmann etal., 2014)compared to the other studies, and is
most likely a reflection on the duration of the event. Despite high EI values reported in
these studies(Geesmann et al., 2014, 2017; Heikura et al., 2019; Vogt et al., 2001
proportion of El was insufficient to the amount of EEE therefore, lower EA values were
reported (Table 6). These studies demonstrate a higher risk of developing chronic LEA if El

is not adequately matched throughout racing, training, and rest periods.

The energy deficits observed in the cyclists may be explained by eiary practices
common in endurance cycling. For example, the energy deficits observed by Vogt et al.
(20055 WA O ODPOI AAAT U O1T 1 EOCEITT AT O1 OAAOAA Al AU
on body composition changes during the January training camp in preparation for the
upcoming Classics and Grand Tour race season (Tour de France). A reduction in El by using
fasting-based training interventions have been shown to improve free fatty acid utilization
in men (Aird et al., 2018)and might be implemented by athletes themselves(Hoon et al.,

2019) However, uncompensated postexercise El has been documented with fasted
training, promoting negative daily energy balance(Edinburgh et al., 2019) Therefore,

careful monitoring is a good practiceto prevent unintentional energy deficiency.

An alternative measure of energy deficiency, withirday energy deficiency, may
enhance the underlying changes in LEArelated measures compared to 24h EA. For
example, endurance athletes who had greater withinday energy deficiency also presented
with suppressed endocrine markers (see section 3.3y orstveit et al., 2018) However, on
average, the endurance athletes were categorized withub-clinical LEA (30-45 kcal/kg
FFM/day). This finding suggests 24h EA status is insufficient in detecting athletes at risk of
LEA. Although the methodology is time-consuming, there is benefit in determining within -

day energy deficiency. For example, spéfic training and racing nutritional
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recommendations can be provided for cyclists when the extent and time of energy deficits

are known.

In sum, male endurance cyclists experience EA values well below the EA threshold
for LEA classification. The large enegy deficit that has been reported to occur daily,
weekly, and throughout a seasonjs due to insufficient El to meet the energy expended
during exercise. Of importance, within-day energy deficiency may be a better measure to
explore compared to 24h EA stéus and may provide actionable nutritional advice for
competitive athletes. Therefore, such nutritional information may reduce the impact on

other body systems such as bone health or hormonal function.

3.2. Bonehealth

From the number of studies (n=4) that measured bone health in male cyclists, lower BMD
values were observed at the lumbar spine in comparison to the hifKeay et al., 2018, 2019;
Viner et al., 2015) Between 4044% of cyclists exhibited low BMD (Zscore <-1) atthe
lumbar spine (Keay etal., 2018; Viner et al., 2015Two studies reported the relationships
between EA and BMD in male cyclists, with the most significant factor that correlated with
low lumbar spine BMD being LEA (Keay et al., 2018, 2019 urthermore, Keay et al.(2018)
observed cyclists with LEAhad lower BMD in those who did not have a history of
participating in load -bearing sports. This finding confirm sthe positive benefit to osteogenic

forcesthat load-bearing activities haveon spine BMD.

After receiving nutritional advice and skeletal loading exercises, cyclists who
increased EA or increased skeletal loading over six months showed an improvement in
BMD (2.2% and 1.4%, respectively). In comparison, cyclists who reduced EA and reduced
skeletal loading saw decreased BMD ( 2.3% and 2.5%, respectivelileay et al., 2019)Keay
and colleagues(2018, 2019 ategorized male athletes at risk of LEA viaa sport-specific EA
questionnaire and interview (SEAQ) using measures of training information, eating
behaviours, and medical history (Table 5). Although the findings of this study validated the
SEAQI in identifying male cyclists with LEA, this new methodology adds a confounding
factor when interpreting findings with other studies. For example, while the athletes were

classified with LEA, the severity of LEA was unknown as EA was not measured.

From the small number of cycling-specific studies addressing EA and bone health,
the premise that LEA impairs BMD can be confirmed. Howeverthe threshold of EA that

impairs bone health in men is still unknown . For example, individual responses in 55% of
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exercising men experienced altered bone turnover markers when exposed to five days of
LEA at 1%cal/kg lean body mass [ [BM)/day (Papageorgiou et al., 2017 espite the group
average of the menhaving no changes.Further studies on men and the effects of LEA of

varying severityon bone health are warranted.

Furthermore, the longitudinal data (>1y) indicates the loss of BMD is not an acute
change. As indicated by Viner et al(2015) 40% of cyclists (male and female) had low BMD
at the lumbar spine, 10% had low BMD at the femoral neck, yet no significant changes
occurred throughout the cycling season. The cyclists in this study also had a high
prevalence of LEA. This finding could be explained by the results from Keay et a{2019)in

that those that did not change nutrition behaviours saw no change in BMD.

This section highlights that bone health in cyclists is a concern as low levels of
impact and stress are associated with lower levels of BMOLow BMD can beattributed to
reduced osteogenic stimulation from a lack of groundreaction forces,or reduced EA. To
compound the risk of poor bone health, as discussed above, male cyclists tend to train and

compete in LEA states, increasing the risk of low BMD.

3.3. Metabolic anchormonal impairment

The crosssectional studies in male competitive road cyclists showed, on average, normal
levels of testosterone andriiodothyronine ( Ts) levels, although the values were on the
lower end of the reference range(Keay et al., 2018; Torstveit et al., 2019Compared to
cyclists during stage racing, a trend of reduced testosterone, by 14%, was observed in
professional cyclists experiencing LEA on race day@ieikura et al., 2019) This finding is in
agreement with the reported association of lowered testosterone in cyclists with chronic
LEA in comparison to cyclists with an adequate level of EAKeay et al., 2018)Based on
these results, the EA status in ultraendurance cyclists can only be speculated to be low,
given EA was not measured, as the cyclists completing a 1230km event demonstrated
reductions in testosterone by 67%(Geesmann et al., 2017Contrasting findings of
testosterone concentrations from Torstveit et al. (2019)compared to that found in Torstveit
et al. (2018)and Heikura et al. (2019) are most likely due to a higher EA status [Table 6).
Collectively, these findings suggest that LEA lowers testosterone, however, thextent of

hormonal suppression based on the severity of LEA is inconclusive.

Insulin-like growth factor 1 (IGFJ) is a known cell proliferative hormone. Thus, it

would be expected to be downregulated in times of LEA. This is demonstrated in both stage
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racing (Heikura et al., 2019)and ultra-endurance cycling(Geesmann et al., 2017 with male
cyclists displaying a greater downregulation with increased energy deficiencies. Corti is
also a neurobiological marker of endocrine stress and is part of the steroid hormone
pathway. Elevated baseline cortisol is often associated with reduced circulating
testosterone, as demonstrated in male endurance athletes who spend more time in engy
deficits (Torstveit et al., 2018, 2019)

The metabolic and hormonal changes in competitive male cyclists demonstrate a
multifaceted downregulation of the endocrine system, as highlighted by elevated cortisol,
reduced testosterone, and perturbations of IGF1. The findings demonstrate malecyclists
who compete in ultra-endurance events experience greater hormonal perturbations most
likely due to extended timeframes in energy deficiency. Future research should aim to
investigate the effects of nutrient timing in ultra -endurance events as a means of

preventing downregulation feedback on the endocrine system.

3.4. LEA angerformance

From the aforementioned outcomes, the effects of LEA may also contribute to poor sports
performance. The implications of LEA on performance have not been extensively studied in
male cyclists(Keay et al., 2018; Woods et al., 2018jowever, current evidence indicates
that male cyclists, in an LEA state,show reductions in anaerobic(Keay et al., 2018and

aerobic power autput (Keay et al., 2018; Woods et al., 2018)

The data from Woods et al.(2018)suggest an unintentional LEA state in the male
cyclists occurred due to a significant increasen training intensity and load, without an
increase in El. The cyclists decline in performance might be reflective of LEA. Although EA
was not calculated, the suggested theory that the cyclists were in an LEA state is supported
by the additional finding o f a reduction in resting metabolic rate (RMR) (Torstveit et al.,
2018; Woods et al., 2018RAlternatively, the decline in performance was reflective of the
fatigue from the four-week overload programme, which was shown with an increase in
training stress and a reduction in heartrate variability (Woods et al., 2018) In addition,

Keay et al.(2018)reported cyclists with a higher training load (average hours on the bike

per week) was not reflective in a higherfunctional threshold power (FTP). Rather, the male
cyclists who had chronic LEA, and a lower power to weight ratio, demonstrated a lower FTP
despite a higher training load. In contrast, performance improved in male cyclists who

increasedEA after implementing nutri tional advice and skeletal loading exerciseg¢Keay et
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al., 2019) This finding showcases the positive impact of adequate EA to improve

performance.

This section highlights power output is impaired in male cyclists with unintentional
and chronic LEA. Furthermore, increasing EA with guided nutritional advice has shown to
improve performance in cyclists that commit to improving EA status. Further research on

the performance effects of LEA is warrantedn male cyclists.

3.5. Sociepsychologicalssues: Pressures sport, body image andmood

The professional environment of cycling poses a major risk factor for altered eating
behaviours as leanness and a light body mass are widely considered advantagsdor
performance. For example, in cyclists, the most common weightoss method documented
included fasting (Filaire et al., 2007)or intentionally reducing food intake (Hoon et al.,
2019) The culture of the high-performance cycling community may influence these
abnormal eating behaviours It is suggested that trained male cyclists are weight conscious
with all riders indicating they would like to reduce their body weight, and with the majority
(77%) having attempted or currently attempting to lower their body weight (Hoon et al.,
2019) In agreement, male cyclists reported dissatisdction in their body physique and body
weight compared to 17 control individuals(Filaire et al., 2007) The culture that surrounds
cyclists can be detrimental to psychological health, leading to unhealthy eating behaviours
and a high risk of LEA. Validated questionnaies such as the Eating Attitudes Test (EAT
26), were completed by male cyclists, with EAT-26 scores correlating with depression and
was a significant predictor of bulimia scores(Filaire et al., 2007) These findings imply that
mood profiling should be advised to identify male athletes at risk of developing unhealthy
eating behaviours. For example, the psychological impact of an increased training volume
was apparent in male cyclists who showed increass in mood disturbance(Woods et al.,
2018) The associations of mood disturbance with energy intake wre not reported, which,
would confirm whether the change of mood disturbance was due to only the increase in

training volume, or due to an imbalance between El and EEE.

Future research calls or the inclusion of qualitative research methods.It has been
found that body dissatisfaction within male cyclists is prevalent, but the reasons behind
these perceptions and eating behaviours remain unclearQualitative research has the
potential to provid e insights into athlete experiences, thus capturing valuable information
on sensitive topics, and providing insights as to why interventions may not have worked

(Bekker et al., 2020) The latter was demonstrated by Keay et al(2019) who found that
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cyclists who did not change their behaviours to increase EA, were fearful that doing so
would negatively impact their performance (Table 5). This finding demonstrates the
advantages of interviaving athletes about the socio-psychological matters surrounding elite
male athletes. Delving deeper in the interviews would uncover the reason for the feelings of
fear (e.g.,weight gain that would be perceived to affect performance, and thus team
deselecton). In contrast to other methods, interviews can provide insights into the impact

of the elite sporting culture on the athletes mental and physical health and weltbeing. Also,
interviews could help identify where education is needed for athletes to gaina greater
understanding of the potential risks associated with LEA and the athletic improvement

athletes could achieve with adequate EA.

Although male athletes have received less attention inLEA research, emerging
evidence highlights the pressures elitemale athletes experience, and how this can impact
body image and eating practiceqC. Gibson et al., 2017)This, in turn, can affect the amount
of energy available for training and competing, either directly or indirectly, creating a LEA
state that may affect performance. Future research should aim to include qualitative

methods to further understand the socio-P OUAET I T CEAAT EOOOAO AT 1T OOEA(

risks to, and experiences of, LEA.

3.6. Limitations

The assessment and dignosis of LEA in both field settings and freeliving individuals is
challenging, and therefore present limitations in research. For example, LEA is a complex
syndrome asindividuals can exhibit one or more physiological and/or psychological
impairments of LEA. Therefore, individuals may present with or without eating disorders,
and/or reductions in hormones and/or impaired bone health, and the severity of these
symptoms lie on a continuum and can range from subclinical to clinical. Additionally, the
different studied populations complicate the identification of the specific neuro-biomarkers
of LEA, as does the inherent underreporting ofEl and EEEby the athlete. Moreover, there
are methodological inconsistencies in EAassessment by either calculating EA or from self
reported questionnaires. In addition, the discord of EA definitions, specifically around LBM
vsFFMET %! ANOAOEIT 1 Oh AT A OEA AEACIT T OOEA/kg %! OEO

FFM/day is common.

The identification and issue of using a femalespecific LEA threshold in men are also
problematic. The critical level of EA has been suggested to be much lower in men with an
%! OEOAOEkchig FEMEayRTYIiDAOAA O1T xT1 1 AT xEOE AT %! O
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kcal’kg FFM/day (De Souza et al., 2019)ndicating men are less impacted by shortterm
LEA. Forexample, in exercising men, Koehler et al(2016)observed reductions in leptin and
insulin and no changes in other regulatory hormones (T;, IGFJ) at an EA of 1%cal/kg
FFM/day compared to an EA of 4%cal/kg BM/day. In women, however, changes in Fand
IGF-1 have been observed at < 3@al/kg FFM/day (Loucks et al., 1998; Loucks & Thuma,
2003) Similarly, Papageorgiou et al(2017)obseved an EA of 1%cal/kg FFM/day decreased
bone formation and increased bone resorption in women, but not in men. Further lab-
controlled research is warranted to determine if male athletes have a minimum EA
threshold required for normal physiological and metabolic function and, if male athletes

fall on a lower continuum to female athletes.

To add, we are aware that the crossectional designed studies in this review limit
discussions to the associations between EA and metabolic and hormonal alterations, ragr
than causal effects. Furthermore, we highlight the difficulty in comparing EA between the
cycling-specific cohort studies(Heikura et al., 2019; Viner et al., 2015; Vogt et al., 2009}he
studies in this review have used differentmethodologies to collect data relating to the
components of EA (Table 6). The different methods produce variable EA values and make a
comparison betweenthe studies challenging(Burke, Lundy, et al., 2018)For example,
adjusting for RMR, as a component of EEE, is recommended so as not to underestimate EA
(Loucks et al., 1998) Despite accounting for RMR in EEE, Torstiet and colleagues(2018)
measured RMR, whereas Viner and colleagud2015)estimated RMR using the
Cunningham equation; the latter potentially overestimating EA. Also, as mentioned,Keay
and colleagues researclti2018, 2019)mplemented both a questionnaire andan interview to
categorize athletes with LEA. Key strengths of this research include using an interview
alongside the questionnaire, and the questionnaire being sporspecific. However, the
questionnaire has not been validated, ad therefore the use of it is limited in isolation

without conducting the interview.

In sum, the prevalence of LEA in males could be underestimated as the threshold
value of LEA used was originally determined from using a female cohorflhle & Loucks,
2004). Therefore, future researchis needed to determine a malespecific LEA threshold
Furthermore, standardized guidelines in the collection of each component of EA is required

to allow for comparison between research findings.
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4. Conclusions

Cycling is a lowimpact sport that involves high energy demands, and thus is a major risk
for LEA. This review has identified that male cyclists experience energy deficits and LEA in
training, stage racing and ultra-endurance events. Although the effects of LEA on metabolic
function, hormon al changes, mood disturbances and eating behaviours in male cyclists
have been identified, the consistency and depth of this research are lacking. To add to the
current literature, more conclusive understandings of an athlete can be achieved when
interviews alongside physiological measures are implemented. Thus, interventions can be
tailored to individuals with enhanced effect. Future research using more multifaceted
investigations into the effects of LEA on male cyclists will lead to more effective
recommendations. For example, mixedmethod approaches will contribute to more
multidimensional understandings of the risks and severity of LEA as experienced by each
athlete, and thus the possibility of advancing education and guidelines for both LEA

prevention and recovery.
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Chapter2iii: RestingMetabolic Rate Prediction Equations-

Manuscript 2

Schofield, K . L., Thorpe, H., Sims, ST. (2019. Resting metabolic rate prediction equations
and the validity to assessnergy deficiency in the athlete population. Experimental

Physiology 104(4):https://doi.org/10.1113/EP087512

Overview : As this thesis questiored the methodologies used in low energy availability
research, it was apparent that dated predicted resting metabolic rate equations were still
being used as part of a method to determine energy deficiency. This paper explores the issues
with using predicted equations to determine resting metabolic rate in athletic populations.
As resting metabolic rate is a portion of energy expenditure, and therefore &ey component

of energy availability, it was important to highlight to readers that predicted resting

metabolic rate equations used in athletic populations must be used with caution.

I OOET O6:Gince 1th® Aublication of this paper, Strock et al. (202@)emonstrate an
additional methodological issue of the varied predicted resting metabolic rate equations.
Depending on the predicted resting metabolic rate equation used, the sensitivity of the resting
metabolic rate ratio changes when screening for energy deficiency. Therefdiéferent cut-off
ratios for energy deficiency must be adjusted wheatassifying energy deficiency, depending on
what predicted resting metabolic rate equation used.he reader is directed to Chapter 2i where
the work by Strock et al. (2020)s mentioned
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Abstract

Resting metabolic rate (RMR) is the amount of energy the body uses at rest. A suppressed
RMR has been correlated with low energy availability (LEA) and thereforaés used as an

ET AEAAOT O T £ AT ET AEOEAOGAI 60 AT AOConoOBAOAS
within an athletic population are the physiological measures required; which can be time
consuming and needing professional expertise. To negate the demands of laboratory
protocols in measuring RMR, predicted RMR {RMR) equations were developedCaution
should be raised when applying the,RMR equations for determining LEA in athletes due to
(i) the population used to develop the equations and (ii) the higher metabolic cost of fat-
free mass (FFM), thus elevated RMR, associated with athletes. Moreer, a low ratio of
measured RMR to,RMR is often used as an alternative marker for energy deficiency.
Predictive equations should implement FFM within the algorithm when estimating RMR in
athletic populations. The purpose of this paper is to describgRMR equation development
and the issues usinggRMR equations for athletic populations. As professional sport
increases, validation of,RMR equations in the modern athlete population is needed to

monitor energy availability for athletic health and performance.

Keywords: athlete, energy availability, methodology, predictive resting metabolic rate,

resting metabolic rate, validity

New Findings

What is the topic of this review?

1  We review the issues with using predicted resting metabolic rate equations in
athletic populations.

What advances does it highlight?

1 The use of dated predicted resting metabolic rate equations is not appropriate for
athletic populations until more studies have been conducted among these unique
populations.
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1. Introduction

Resting metabolic rate (RMR) is the minimum energy the body requires to perform its basic
functions and is principally dependent on lean mass. In an applied setting, RMR can be
used as an indicator of energy availability (EA); defined as the energy remaining for
metabolic processes once the energy cost of exercise has been subtracted from dietary
intake. Sufficient energy is critical for training consistency, particularly during intensified
periods, since prolonged energy restriction can lead to impaired physiologial function and
increased risk of fatigue, illness and injury, as well as maladaptation to the prescribed
training (Mountjoy et al., 2014) It is known that energy homeostasis is centrally regulated,
and RMR is closely linked to appetite and energy intakgBlundell et al., 2015; Keesey &
Powley, 2008). Therefore, when energy intake is insufficient to support an intensified
training load, athletes are more likely to suffer suboptimal EA and a lower RMR. Given this
association with suppressed RMR and suloptimal EA, RMR has been used to estimate EA
in determining individuals with low energy availability (LEA) (De Souza et al., 2008; De
Souza, Hontscharuk, et al., 2007; Gibbs et al., 2011; Melin et al., 20L®A is correlated with
detrimental physiological, psychological and performance effectdDe Souza & Williams,
2004; Logue, Madigan, Delahunt, et al., 2018; Mountjoy et al., 2018; Nattiv et al., 2007;
VanHeest et al., 2014)it is known there is a negative linear relationship between absolute
and relative RMR and training (Woods et al., 2017) Therefore, accuracy of RMR

measurements becomes paramount in monitoring EA and prevention of LEA.

Accessibility, cost, equipment requirements, and the time required to measure RMR
(mRMR) is often a barrier. To reduce complexity, predictive RMR (RMR) equations are
widely used. However the Harris Benedict (HB) equation(Harris & Benedict, 1919most
commonly used today was first developed in 1919. In contemporary practice, it is common
to employ the standard ,RMR to the athletic population. However, there is significant
conflicting evidence of the validity of ,RMR in athletic populations (De Lorenzo et al., 1999;
Jagim et al., 2017; ten Haaf & Weijs, 2014; Thompson & Manore, 1998)us, an important
question to ask is iffRMR is an appropriate tool to use in athletic populations? Secondly, is
»sRMR an appropriate tool to use to assist with LEA classification due to the complex
variables included in the algorithms of equations? The purpse of this paper is to describe
the origin of the most commonly used \RMR equations and discuss the issues of using
oRMR equations for athletic populations. Future directions for research involvingnRMR

and ,RMR equations will be discussed specifically foLEA research.
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2. MeasuringMetabolic Rate

Considering total daily energy expenditure (EE), it is noticeable that RMR is its largest
component (50-70%), of which fat-free mass (FFM) is the major contributor. FFM accounts
for about 60-70%, whereas fat mas accounts for as little as 5%, with gender and age

being minor components (Johnstone et al., 2005)

Indirect calorimetry (IC) is one of the most sensitive, accurate and noninvasive
measurements of EE. The principle behind IC can be explained by #thchemical energy that
is created from the oxidation of fuels.|C measures the heat generated indirectly by
measuring the volume of oxygen used and the volume of carbon dioxide produced. The

energy expended can then be determined using the Weir formulaWeir, 1949).

One IC method for determining whole-body EE is using doublylabelled water
(DLW), two traceable isotopes that are ingested(for a review see Westerterp, 2017A
sample of blood, saliva or urine is collected twice; an initial sample and a sample after a
period of time (1-3 weeks), to determine the elimination rate of each isotope. From this, the
EE can be calculated from the carbon dioxide produced between the two saples. The use
of DLW allows for an accurate method to measure daily EE without being in a laboratory
setting. However, this method is expensive and stringent protocols are required for
accurate results. Other forms of IC have been used to determine EE ag¢st, for example, the

use of a ventilated hood system to measure RMRCompher et al., 2006)

3. MeasuredRestingMetabolic Rate

IC measurement of RMR igime-consuming, expensive, and requires specialized

equipment. In addition, there are experimental variables that can influence results when

measuring RMR that can fall into four categories: the instruments used (hoods vs

mouthpiece; gas analysis systemskstandardized protocols (timing to refrain from exercise,

caffeine, nutrition), biological variation (menstrual status in females), and body

composition measurement (dual-energy xray absorptiometry; DXA vs other methods)

(Compher et al., 2006; Fullmer et al., 2015)Therefore, standardized protocols must be

adhered to for reliable and valid results(Compher et al., 2006; Fullmer et al., 2015¥or

example, because the thermic effect of food increases metabolic rate, as does consumption

of caffeine, nicotine, and alcohol(Compher et al., 2006) these must be controlled for by (i)

a minimum of a 20 minutes rest period upon arriving at the lab to ensure a metabolic

steady state of the participant, and(i) PAOOEAEDAT OO0 hbuGO&rainiBd ot Al O Pa
AAEEAET A 1T O T OEAO OOEI O1 Al QRulinieret aE,12€@1%8) Othe OET O O
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best practices include restrictions on physical activity prior to the assessment, ideal room
conditions controlling for temperature, humidity, light, noise and, data analysis (Compher
et al., 2006; Fullmer et al., 2015)

Due to the constraints of testing conditions to create valid findings, testing athletic
populations is difficult. For example, batch testing athletes in one day is unachievable due
to the duration of testing protocols (~45 min per test), and typically will be completed in
the morning after an overnight fast prior to the morning training session. Secondly, as
athletes are highly active, it is important to make sure no residual exercise EEe(g.,excess
post-exercise oxygen consumption) carries over from training the previous day. Therefore,
measurements after a rest day would be most appropriate. Furthermore, athletes have busy
training, competing and travel schedules, subsequently adding another factor to the
challenges of coordinating such testing. Anecdotal evidence suggests that athletes alind
it hard to remain fasted (food and caffeine) prior to the RMR assessment, especially when
training commences following the RMR assessment. Careful consideration and nutrition
planning are needed following an RMR assessment to make sure an athletesdining is not

affected.

To overcomethe complexities of the aforementioned RMR testing protocols,

equipment requirements, time, and cost, ,RMR equations have been developed.

4. PredictedRestingMetabolic Rate Equations

pRMR equations were developed to estimate RMR in male and female populations, of
varying body mass, height, and agéCunningham, 1980; De Lorenzo et al., 1999; Hasi&
Benedict, 1919; Mifflin et al., 1990; Owen et al., 1986, 198Vhe ,RMR equations differ in
their components using body mass only(Owen et al., 1986) FFM only (Cunningham, 1980)
height and body mass(De Lorenzo et al., 1999) or, height, body mass and ag€Harris &
Benedict, 1919; Mifflin et al., 1990)Table 7).

Investigating the origin of ;RMR raises issues whethese equations are used in
modern populations. Predicted RMR equations have been established using large cohorts of
men and women; the participants were typical of the general population of good health,

and range of age from infants to elderly.

Participants involved in the development of the HB equation were healthy, male
and female, a wide range of ages, yet physical activity or percentages of lean mass were not

reported (Harris & Benedict, 1919)To expand he ,RMR validity, the Cunningham (C)
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equation utilized the database collected by Harris & Benedici{1919)to create formulas for
each sex. Cunningham et al(1980)determined lean body mass (LBM) was the main
predictor of basal metabolic rate, and sex and/or age did not improve the validity.
Therefore, the C equation uses LBM as the main predictor of RMR. However, it must be
noted that LBM was not measured, but was predicted ly using another previously
published prediction LBM equation (Cunningham, 1980) This adds an additional level of

error when determining RMR.

Owen and colleagues published two papers on the caloric expenditure in healthy
lean and obese femalegOwen et al., 1986)and males(Owen et al., 1987)o create RMR
eguations, respectively. A small percentage (18%, n=8) of the female participants were

classified as being athletes, stating norspecific criteria other tE AT OAOET AOAO

AT T DA

OOO0AT 61 6O PEUOEAAIT AOAT 00 AT A Oxmaxvade§IA /1 Ul DPEA
ranged from 5262ml/kg/min 6 j P8 N8 4EEO AOAAOAA AEAEAOAT AAC

athletes. Therefore, two predictive equations were developd based on athletes and non
athletes, but not specific for female vs male athletegOwen et al., 1986; Table 7)

Furthermore, Owen and colleagueg1987)replicated their previous study (Owen et al.,

1986)using lean and obese men to create two additional formulae; one based on body mass,

the other based on FFM for both lean and obese, norathletic males (Table 7).

As both the HB and the C equations were found to overestimate resting energy
expenditure (REE; 5% and }45%, respectively), Mifflin(1990)aimed to establish a new
predictive formula using female and male participants, categorizedty OT 1T O Al 6
body mass values. In agreement with observations of Cunninghan1980) FFM correlated
highly with REE. However, the inclusion of body mass, height, and age positively improved

the correlation of estimated REE to measured REE.

The latest research o,RMR equations comes from the work by De Lorenzq1999)
In this study, seven published,RMR equations were used to investigate the validity and
reliability for estimating RMR in male athletes with a secondary aim to geate a specific
equation for male athletes. To standardize for body composition, De Lorenzo and
colleagues(1999)added lean vs fat mass obtained from DXA scans. Contrgrto
expectations, it was determined that FFM was not the best predictor of RMR, rather it was

the combination of height and body mass.
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It is important to mention that trained male athletes were eliminated from data sets
in the development of the C and Owen ;,RMR equations. Out of the six,RMR mentioned,
only the C and Owen,RMR equations incorporated FFM. Given thesgRMR equations were
developed explicitly on non-athletes, this raises a concern as to why theRMR equations are

currently used on athletic populations.
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Chapter 2iii

Source Population developed in (n)

Measures used

RMR Equation (kcal /day)

Harris-Benedict(1919) Men (136), women (103) and neviborn infants
(94) in good health, typical of general
population.

Equations based on ranges of BM: 2824.9kg, H:
152200cm, A: 2170y

16 athletes (all male) included: BM: 56.3.08.9kg,
H: 163198cm, A: 199y

Infants aged between 2.5h and 7 days old

Indirect calorimetry

Males

66.47 + (13.75x BM) + (5 x H) (6.76 x A)
Females

655.1 + (9.563 x BM) + (1.850 x HY4.676
X A)

Cunningham (1980) Men (120) and women (103). Male trained

athletes eliminated (16)

Database fran HB (1919)
LBM estimated

500 + (22 x FFM)

Owen (1986) Lean and obese females (44). 8 were trained
athletes. A: 1865y, BM: 43143kg, H: 150.80cm.

Not menstruating during data collection

Indirect calorimetry

Body composition by underwater
weighing and skinfolds.

LBM estimated

Non-athletes
795 + (718 x BM)
Athletes

50.4 + (21 x BM)

Owen (1987) Lean and obese mkes (60) A: 1882y, BM: 60171

kg, H: 163188cm. Trained athletes eliminated.

Indirect calorimetry

Body composition by underwater
weighing and skinfolds.

LBM estimated

879 + (10.2 x BM)
290 + (22.3 x FFM)

Mifflin (1990) Normal, overweight and obese men (251) and
women (247),
A: 1978y, Normal BM (80 to <119% IBW), obese

BM (P120%BW), H: 146:201cm

Indirect calorimetry

%BF determined with three
different sites for males and
females using the JacksotPollock
method. FFM was subsequently
determined by calculation (BM 7
FM [BM x %BF])

Males

(9.99 X BM) + (6.25 x H)- (5 x A)
Females

(9.99 X BM) + (6.25 x H)- (5 x A) - 161

De Lorenzo (1999) Male athletes (51; judo, karate, water polo)

Indirect calorimetry
DXA scan

-857 + (9.0 X BM) + (1157 H)

A: age (y), BM: body mass (kg), %BF: body fat percentage, DXA: duahergy xray absorptiometry, FFM: fatfree mass (kg), FM: fatmass, H: height (cm), IBW: Ideal Body

Weight determined by use of 1959 Metropolitan Height Weight Tables, LBM: learbody mass (kg), RMR: resting metabolic rate
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5. PredictiveRestingMetabolic Rate EquationsUsed inAthletic Populations
Although ;RMR equations were developed in the 20 century, the equations are still
frequently used today. As far & we are aware, there is no systematic review to date to
confirm that the HB ,RMR equation (Harris & Benedict, 1919)s the most prominent RMR
equation used. The HB,RMR equation is commonly seen in research tht estimate RMR,
without regard for the specific population being studied. Moreover, in sport and exercise
science research, training status and load, body composition, sex, height and body mass,

play significant roles in the perturbations of RMR.

Muscle is a highly metabolically active tissue and has shown to be the best
determinant of 24h EE, contributing to 20-30% of RMR (Ravussin et al 1986). Given athletes
have greater muscle mass, and therefore an increase in metabolic cost, RMR will be greater
than those with less muscle masgCunningham, 1980) However, when usingpgRMR
ANOAOGETI T O OEAO AT 1860 AAAT O GRMEEqatigngomit,thd O OT | A 1
eguations are insensitive for body composition differences. Therefore, RMR could be
underestimated. For instance, an equajbRMR value would be calalated for two individuals
of the same age, height and body mass. Yet, one individual has greater FFM and less fat
mass, compared to the other individual. Therefore,,RMR equations should implement FFM
within the calculation when estimating RMR in athletic populations to reflect the
anthropometric difference. Fat-free mass would be a better predictor of RMR rather than
pRMR. Jagim et al(2017)demonstrated discrepancies between male and female athletes
when employing the C equation. In female athletes (trackand field, soccer,
swimming/diving), the C equation was best at predicting RMR. However, in male athletes
(baseball, botball, track and field), the C equation over-estimated RMR, but the HB
eguation was the best predictor of RMR. Given the C equation was rereated using the data
set from Harris & Benedict(1919) aswell as estimating FFM, this result is not surprising.

The C equation also predicted RMR most accurately in male and female trained athletes

(Thompson & Manore, 1996)and recreational athletes(ten Haaf & Weijs, 2014)

6. UsingRestingMetabolic Rate as aMarker of Energy Deficiency

When an individual is in a LEA state, one response of the body is to suppress RMR. A
supressed RMR can be determined using the ratio ofRMR to RMR. A ratio of < 0.9
(RMRatio) of nRMR to ,RMR was first used as a marker for energy deficiendfpe Souza,

Hontscharuk, et al., 2007) This threshold is not without fault, as the threshold value was
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originally determined using exercising females and the HB predictive equation(De Souza,
Hontscharuk, et al., 2007) It is known that the prevalence of energy deficiency will be
dependent on the method used to calculate,RMR due to the range of,RMR equations that

are formulated using different variables (i.e, body mass, height, age vs FFM).

A sequential study by De Souza et a2008) used the energy deficiency group of
exercising women to observe relationships between hormone, energy, and bone health
status. De Souza clearly explains her reasoning to implement the HB equation in predicting
RMR and therefore use in the ratio equation (i) the HB equation is used frequently in
previous research (ii) the HB equation is typically used in underweight individuals, i.e., for
anorexia nervosa patients (iii) the HB and C equations produced similar groupingsof
energy status in the women and (iv) the C equation produced a different value to that of
the HB equation, however this did not impact groupings (De Souza et al., 2008)lt is
important to note; the women in this sample were not under-weight (group averages of
BMI > 20 kg'm?) and were physically active. However, the level of exercise was minimal

(<2h/week) in comparison to athletic populations.

The issues of applyingRMR equations in athletic populations has been

demonstrated. That being so, where does this leavgRMR use in athletic populations?

7. Predicted Resting Metabolic RatdJse inAthletic Populations: AskingQxitical

Questions

It is important to be mindful when using ,RMR in research involving athletic individuals,
given the body compositional differences between athletic and norexercising pgoulations.
Typically, RMR will be underestimated if RMR equations are used that do not account for
FFM. It is inappropriate to continue to use dated equations without understanding the
origin and reasoning behind those equations. To confidently useRMR equations, research
is needed to develop current,RMR equations that are based on contemporary athletic
populations, and to incorporate sex differences. UpdatedRMR equations will allow for
appropriate estimation of RMR and therefore, more accurate LEA clssification. It has been
demonstrated the use of,RMR equations to categorize individuals in an energy deficient
state must be made with caution, especially in athletic populations. The implementation of
a new measure of energy deficiency, EA, has emergédat would be more suitable for

athletic populations.
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8. Future Directions of Energy Deficiency andenergy Availability dassification

A more appropriate measure of energy deficiency among athletic populations, is to
determine EA; the dietary energy remaning to complete normal physiological functioning
after exercise(Logue, Madigan, Delahunt, et al., 2018; Loucks et al., 201Tp determine EA,
three key components are equired: dietary energy intake (El), exercise energy expenditure
(EEE), and FFM Equation 1. And as with determining RMR, measuring these components
alonehasitsi EIl EOAQGET 1T O AO OEAOA EO O11 CcilT A OOAT AAOA
(Logue, Madigan, Delahunt, et al., 2018; p. 4And no clear protocols are in place for the
duration of assessment and appropriate techniques used to assess LEBurke, Lundy, et al.,
20188 & EOOOI Uh %! EO OO1 AP OEIT 08 Edotly,@edateE] O OFE
recording and compliance of dietary intake is required as it is known there can be bias of
under-reporting (Loucks et al., 2011)n addition, a standardized definition of exercise
energy expenditure is needed and must b accurately recorded as some studies subtract the
energy cost of sedentary movements during exercisé_ogue, Madigan, Delahunt, et al.,
2018) as well as different methods to determineexercise expenditure with different forms

of exercise(Loucks et al., 2011)Finally, specialists are required to measure body
composition when implementing appropriate FFM analysis (using DXA scans), and best
practices are required forthe interpretation of DXA results in athletic populations (Hind et
al., 2018) It is clear these measures alone are time consuming and require standardized
protocols. Wit hout agreement with individual measures, the value of EA will vary between
studies making interpretation and conclusions of EA in athlete populations troublesome.
Determining EA should not be completed in isolation. It should be used to confirm LEA
statusin those with signs of LEA or at risk of LEA and used in conjunction with other
markers of LEA, for example biochemical, metabolic and haematological results; and
dietary eating behaviours(Burke, Lundy, et al., 2018)

00000

0o 000

Equationl. Energy Availability equation. EA: energy availabilikcal/kg FFM/day, El: dietary
energy intake (kcal), EEE: exercise energy expenditure (kcal), FHftetamass (kg)

9. Associationswith EnergyAvailability with RestingMetabolic Rate

A series of studies have determined threshold EA values that corresponded to changes in

RMR and markers of bone health; changes in sex hormones, anabolic hormones, and
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endocrine hormones (lhle & Loucks, 2004; Loucks, 2003; Louck& Thuma, 2003; Williams
et al., 2001, 2015 hese studies have determinedEA threshold values (Table 8).

Table8. Energyavailability thresholdvalues

Threshold category Value (kcal/kg FFM/day )
Adequate 45
Sub-clinical 30-45

Low energy availability <30

Given the equation of EA Equation J) is focussed not only on the FFM, but also
takes into consideration the El and EEE, this would therefore be a better indication of
health status in athletic populations. Research findings to atermine the appropriate
threshold values in male athletes is sparse, therefore is an area that needs further

investigation.

10. Summary

There is equivocal evidence of theRMR equation use in athletic populations. Discrepancies
I £ ZA£ETAET CO AQGEOO AOA O1F A OAT CA,ahdmhemAgddil 008 &I
sports that individuals participate in, is not consistent; secondly, the range of methods used
to determine body composition varied from using densitometry, skinfold calculations, FFM
estimated by previous published equations, and the gold standard of DXA scans. Caution
must be used when implementing ,RMR equations in research especially when using
athletic populations. Despite the time, specialized equipment, and expense needed to
administer an RMR, it is currently a superior method to determine an athletes RMR
compared to RMR. As sport participation increases, especially at an elite level, further
researd investigating the modern athlete population, using gold-standard body
composition measures is needed to increase the validity of the welused RMR equations.
By validating pRMR equations for athletes and careful monitoring of energy availability for
athletic health and performance, these equations can become more reliable, lending to

improved outcomes across all spectrums of athletes.
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Chapter3: Background to aMixed Method Approach-

Manuscript 3

Chapter 3 provides the background and reasoning for implementing mixmethodological

approaches when investigating LEA in human populations(Manuscript 3).

Schofield, K. L., Thorpe, H., Sims, S.T. (2020). Compartmentalised disciplines: Why low
energy availability research calls for transdisciplinary approachesPerformance

Enhancementand Health, 8(2z3), 10017 ttps://doi.org/10.1016/j.peh.2020.100172

Overview : As highlighted in Chapter 2i, the lack of mixed-methods within low energy
availability research is prevalent. This chapter provides a novel approach of using
transdisciplinary methods to investigate Relative Energy Deficiency in Sportand low energy

availability in athletic populations.

Authors Note: The contentwithin this chapter differs slightly from the published manuscript

in Appendix 1.

92


https://doi.org/10.1016/j.peh.2020.100172

Chapter 3

Abstract

Low energy availability (LEA) occurs when dietary intake does not meet the demands of
normal physiological functioning once exercise energy expediture is accounted for. LEA is
the underlying aetiology of Relative Energy Deficiency in Sport (RED-S). Research that
investigates the effects of LEA typically falls into two categories: physiological and socio
psychological. Each category rightly has tkir place in the literature and have contributed to
the singular aspects of REBS research. However, as RES is incredibly complex and
integrated there is a need for transdisciplinary research to fully understand the complexities
of this syndrome in athletes. This paper will briefly look at the current literature as separate
disciplines to highlight the need for a novel approach of using transdisciplinary methods in

athletic populations.

Keywords: athlete, collaboration, multidisciplinary, RED-S
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1. Introduction

Exercise and sport participation has many benefits for the physical and mental health of
female athletes. However, when energy intake is restricted or is inadequate, health

AT i bl EAAOETT O OOAE AO Ai AT1T OOEAA AT A 1T OOAT BT OT ¢
(Triad), describes the interrelationships between energy availability, menstrual function,
and bone health (Nattiv et al., 2007). Although the Triad is the most commonly used term,
ET ail Yah A TAx 1 1TAAT 1T &£ 02A1 ADmésAeveidpdbg U $ A EEAL
panel of experts to update the 2005 International Olympic Committee (IOC) Consensus
Statement on the Triad (Mountjoy et al., 2014) RED-S expands on the Triad to show a
greater range of health consequences involving, but not limited to, endocrine,
cardiovascular, reproductive and psychological systems. In addition, male athlete have
been incorporated under this model (Mountjoy et al., 2014) Despite the differences in
terminology, there is consensus that the underlying issue is one of low energy availability
(LEA). LEA occurs when there is limited energy available after exercise training for normal
physiological and metabolic functions (Loucks et al., 2011)The I0C Consensus Statement
has recently been updated to incorporate the advance in scientific findings since the
original publication (Mountjoy et al., 2018) Subsequently, Triad researchers have refuted
the RED-S model based on the argument that its components are not scientifically
supported (De Souza, Williams, et al., 2014; Williams, Koltun, et al., 2019jor example the
cardiovascular, immune, gastrointestinal and haematological systems, and performance
outcomes (Williams, Koltun, et al., 2019). In addition, the uni -directional arrows (except
the psychological component) in the model assumes the direct and casal role of REDS on
each system, and therefore does not cater for outcomes indirectly affected by LEA
(Williams, Koltun, et al., 2019). However, Triad researchers agree male athletes can be
affected and are in the process of including a male athlete triad modkthat acknowledges

similar Triad-like issues in male athletic populations(De Souza et al., 2019)

To date, several articles have defined and reviewed aspects of the female athlete
triad, and particularly LEA (Allaway et al., 2016; De Souza, Williams, et al., 2014; aks,
2007; Loucks et al., 2011; Mountjoy et al., 2018; Nattiv et al., 2007; Slater, Brown, et al., 2016)
Briefly, the consequences of LEA cause a myriad of complications to include reproductive
dysfunction and impaired bone health; and impediments with the cardiovascular,
gastrointestinal, endocrine, and central nervous systemgAllaway et al., 2016; ElliottSale et
al., 2018; Ihle & Loucks, 2004; Logue et al., 2020; Mountjoy et alQ28; Slater, Brown, et al.,

2016) Energy availability has been studied in eumenorrheic sedentary women and it has
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been found deficiency causes luteal phase defec{®illiams et al., 2015) altered metabolic
hormones (McCall & Ackerman, 2019)and reductions in fat-mass whie preserving fatfree
mass(Koehler, De Souza, et al., 2016 An energy availability threshold of 30 kcal kg lean
body mass (LBM)day was determined to avoid impaired bone formation(lhle & Loucks,
2004). However, this OOE OAOET 1 A8 1 AOGAT xAO T AOGAOOAA ET OAA
necessarily be applied to the female athlete population.
yl Al EOA Obi OOh AAEEAOET C T 0O DPi OOAOOET ¢ Al
often normalized and viewed as advantageuos for performance (Chapman, 1997; Hoon et
al., 2019) Elite athletes live in a high-pressure environment that could exacerbate the
psychological impact involving food choices and body imaggChapman, 1997; Krane et al.,
2001) This in turn, could affect dietary intake and the amount of energy that is available for
training and competing; creating a LEA state that could affect performance, as well as
short- and long-term health. With the use of questionnaires and interviews, further
information on current food practices and behaviours, attitudes on body image, the
influence of sporting cultures, and thoughts around 'fuelling’ for training and sport

performance can be obtained.

1.1 The issue in the research world

Current RED-S research typically operates in two distinct disciplines? the physiological and
the socio-psychologicak with most literature focused on the former. However, RED-S is a
highly complex condition. Future research needs to move away from compartmentalised
approaches, and towards an integrative, transdisciplinary, holistic manner(Thorpe, 2014)
In this paper, we will briefly address the two separate, yet important disciplines of LEA in
female athlete populations; physiological research and socigsychological research and
provide the methodological strengths and limitations of each discipline. In doing so, we
highlight the opportunity gap of integrating the two disciplines together to create a greater
understanding of LEA and REDS. We conclude by providing an example of the strengths
and challenges of using an integrative, transdisciplinary research approach when exploring

LEA in athletic populations.
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2. Compartmentalisediscipline 1: BriefOverview of thePhysiologicalHEfects of

Low Energy Availability

The effects of LEA on body compositionmetabolic function, and hormonal adaptations in
sedentary female individuals has been examinedlhle & Loucks, 2004; Reed et al., 2015)
Congruent evidence inathletes with LEA report reductions in resting metabolic rate
(RMR), reproductive hormones, and metabolic hormones(Koehler, Williams, et al., 2016;
Logue et al., 2020; McCall & Ackerman, 2019; Papageorgiou et al., 20I&)ncomitant
changes in reproductive hormone status, metabolic consequences occur with LEA. For
example, when the body is deprived of dietary energy, one metabolic consequerds a
reduction in RMR to conserve energy for physiological and metabolic processegdNattiv et
al., 2007; Stubbs et al., 2004)

The addition of the RED-S classification has incorporated the psychological effects
of LEA, with suggestions that psychological factors impact eatingbehaviours that could be
linked to alterations in hormone levels (Allaway et al., 2016; Mountjoy et al., 2014)
Physiological and psychological stress responses arestghtened in individuals with LEA,
resulting in increased stimuli for cortisol release from the adrenal glands(Allaway et al.,
2016; Mountjoy et al., 2014)This interaction between the physiological and the
psychological aspects of stress response is an interesting notion. While the physiological
research examining the effects of LEA is continuing to gain much interest, the psychosocial
effects have been investigategeparately, such that the complex relationships between the

physiological and psychological remain largely unexplored.

3. Compartmentalisediscipline 2: BriefOverview of the Socio-psychological

Impact of low Energy Availability

The psychopathology of LEA is a double edgsword, in that, LEA can lead to unhealthy

psychological consequences, or unhealthy psychological consequences can lead to LEA

(Mountjoy et al., 2014) This is one aspect where the REE5 model differs from the Triad. A

key difference is that the REDS model acknowledges addibnal psychological factors, i.e,

stress, depression, as well as eating disorders or abnormal eating behaviours that can

precede or be a result of LEAMountjoy et al., 2014) Rather than disordered eating

AAEAOETI 600Oh OEA AAOEOA O1 AAEEAOETI ¢ OEA OEAAAI

viewed, and justified, as a commitment for the sport. Therefore, the psychological issues
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which can initiate from LEA or be a result of LEA should not be ignored. Common

screening and assessment tools and psychometric questionnaires have been used to detect
those at risk of the Triad and LEA (American Psychiatric Assocation, 2000; Garner et al.,
1983) However, these tools do not incorporate the context of sport. Therefore alternative
and more specific screening questionnaires have been developed for athletic populations
(Keay et al., 2018\artin sen et al., 2014; Melin et al., 2014; Mountjoy et al., 2015)

It is important to note that LEA is not specifically related to eating disorders; LEA
can occur unintentionally (Viner et al., 2015; Woods et al., 2017, 2018herefore, in
addition to questionnaires, interviews have provided rich insights into sociepsychological
aspects of LEA, particularly regarding body image issues and dieting practices in sport
(Chapman, 1997; Krane et al., 2001; Thorpe, 201&ey themes that emerge from the
literature include: (i) the dichotomy between having the body type for performance and
broader societal ideals(Krane et al., 2001)(ii) pressures from coaches, parents, and
teammates to lodk a certain way resulting in unhealthy weight loss practices(Chapman,
1997; Thorpe2016) and (iii ) the challenges of accessing information on LEA and support

for creating sustainable behavioural changgThorpe, 2016)

4. Strengths andimitations for Physiological andScio-psychologicaResearch
The advantages of physiological research include the ability to develop controlled, well
designed experiments to determinethe cause and effect of single or multiple, quantifiable
measures. When experiments control for extraneous variables, the findings of the research
will be valid. In addition, experiments can be repeated to confirm results. The limitations
with this type of research is that it can be expensive and may require specialist equipment
or personnel. Typically, the experiments are conducted in a laboratory setting and therefore
may not be valid in reatlife situations. Furthermore, depending on the setting, all

extraneous variables may not be controllable.

The strength of using selfreporting questionnaires for research is that they can be
administered efficiently and to a large cohort, providing useful, easyto-analyse information
on populations of interest. They canbe used to assess prevalence, behaviour and attitudes
towards diseases and/or syndromes. Limitations of selfeporting questionnaires include

individuals selecting what information they want to share, or inaccurate information. Also,
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guestionnaires rarelytell us about the sporting culture or the sport context that is often

critical to their behaviours.

Interviews are a qualitative research method, and thus it is important to
acknowledge that the criteria for judging their reliability and credibility as a method are
different to more quantitative measures. Typically, prioritising quality over quantification,
interviews can be used to reveal the social, cultural and psychological complexities of
individuals lived experiences within specific sporting cultures, as well as the influence of
broader social pressures and expectations. The strength of using interviews allows
researchers to prompt athletes to reveal the multiple layers of their lives and identify
different factors contributing to their experiences. However, the disadvantages of
interviews are that individuals may conceal issues if they do not feel comfortable revealing
DAOOI T Al ET & Oi ACEiI T h ATA OEOO OEA OAOAAOAEAOG (
participants, and offering anonymity and confidentiality, are all paramount. Socio-
psychological research allows for pertinent information on individual experiences to gain
clear insight into athlete health issues in sport, but this is dependent on the athletes
willingness to share such personal inbrmation. What is typically missing from these

sources is thelink to the physiological dimensions of REDBS.

5. Why theNeed for TransdisciplinaryResearchApproaches

While we acknowledge the value in the discipline-specific approaches that have been
conducted to date, we argue that more transdisciplinary research approaches to LEA are
warranted. Over the past decade, some of the most pressing health issues (i.e., obesity,
diabetes, cancer) have brought together researchers, clinicians, and practitionerfsom
across the disciplines in a purist of more multidimensional and holistic understandings.
While the terms multidisciplinary, interdisciplinary, and transdisciplinary are increasingly
used in the literature, they are not interchangeable(Choi & Pak, 2006) With athlete health
at the forefront, we advocate the need for transdisciplinary research approaches that bring
OEA AEOAEDPI ETAO ET O A AEAI T COA OEAO OOOAT OAAT /
dynamics of whole systems in a hold O E A (Choh&JRak, 2006, p. 359)

In order to do this, working closely in collaborative teams is required, which, will
have challenges as well as advantages. A transdisciplinary research approaeljuires

specialists in different fields to work together. This approach requires data gathering
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separately but then viewing all information collectively, allowing for knowledge sharing and
explanations between the disciplines. Thereby, the focus tends tanove beyond diagnosing,
treating and supporting individual athletes, and develops greater multidimensional

understandings of complex health conditions within the sport context.

In the context of RED-S research, transdisciplinary research approaches offéoth
strengths and challenges. Ceordination of obtaining multiple datasets (often repeated)
could be difficult not only for the athlete, but for the sport organization, researchers and
healthcare professionals. Additionally, the range of tests required isvaried and expensive.
However, this approach does have advantages. A varied group of specialists can form
creative and novel ideas and identify the physiepsycho-social complexities of the health
condition for particular female and male athletes. The interaction between those working
in sport organizations (coaches etc.,), researchers and a team of health professionals is also
innovative in a sporting context. Collaboration within the transdisciplinary team allows for
learning from each discipline, and with good leadership and when well facilitated, can lead
to greater respect and appreciation for other disciplinary knowledges on RED-S, and
ultimately better treatment and support for athletes. As RED-S is multifaceted and
complex, combining a mixed-model, transdisciplinary and integrative approach allows for:
(i) a greater understanding of the syndrome (ii) potentially revealing causal links, and (iii )
providing appropriate information for education and better -informed decisions on

treatment plans.

5.1 Thetransdisciplinary research approach model

A transdisciplinary research approach is only beneficial when there is agreement of a
common goal. In this situation, it will be first addressing the health and well-being of the
athlete(s) prior to the focus on improving athletic performance. The transdisciplinary
research approach can only be successful with the coordination, support and open
communication from all involved; health professionals, sport professionals, a research team
(which involves experts in physiological research and experts in socigpsychological

research), and athletes Figure 4).
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Figure4. Transdisciplinary model example of key health professionals, sport professionals and
researchers that need to be consulted Relative Energy Deficiency inSoort (REDS) research
involving athletic populations

A transdisciplinary model will require a research team to communicate well and

work closely with other members of expertise. For example, tests and experimental

measures must be obtained in collaboration with the coaches and the health team and

around the athletes training and competition schedule. Once all data is collected, the

research team needs to analyse the data efficiently and report backith wider

dissemination to the coaches, health care team, and athletes. Without the collaboration

between the medical doctor, nutritionist, coaching and support staff, as well as a research

team, only assumptions or estimates of energy availability can be made. The process of the

data integration and the discussions of the collective group allows for traditional

boundaries to be expanded, and greater understading to be developed. Only then can
ET AEOEAOAI EUAA ET OAOOGAT OEI T O OEAO Al ECI

if necessary.
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5.1.1 Why working across compartmentalised disciplines is necessary

It is important to have both physiological and socio-psychological disciplines involved
when researching the causes and implications of LEA. This approach provides a holistic
OEAx 1T £ Al AOEI-dp&dwedas &hglefE and the cliltdrd dnvironments
OEAOQO | AU EI bA Zfeptdi d& thelk Ovimispbidng énGiromnent. For example, a

common perception in an endurance and aesthetiedriven sport is, body weight directly

AEEAAOO PAOA& Oi AT AAd O1 AATAO EO AAOOAOG8 | OEIT A«
an unhealthy relationship with fuelling needs and calorie intake; contributing to the
development of LEA.

Moreover, the language used to address treatment for LEA may present a
DOUAET 1T CEAAT AEAIT AT CA8 &1 O AgAi pi Anh OEA OAATI
thAO EO Al AOGOEZEAA AO OEECE OEOES A O , % EO OI

(Mountjoy et al., 2015) This recommendation may conflict with the underlying belief of the
athlete. Given that, if the athlete is not training and increasing energy intake, an increase in
anxiety could occur as the perception hat weight gain would be heightened. Not having

the mental tools, or psychological support, to process the advice may prevent the athlete
following recommendations. In addition, the advice would be ignored if the reason for
increased dietary intake is notexplained in a way that is important for them (e.g.,for
performance improvements, long-term health). Again, the need for a cohesive medical and

support team that understands the athlete is required.

Currently the treatment of LEA, the underlying aetiology of RED-S, can involve non
pharmacological methods (.g.,improving nutritional practices, reducing exercise energy
expenditure, and psychotherapy treatment). Pharmacological interventions (e.g.,
transdermal oestradiol, parathyroid hormone treatment) are used to treat low bone density,
a consequence of LEAMountjoy et al., 2018) It is clear the treatment of LEA will involve
the interaction of multiple health professionals including nutritionists, doctors and sport
psychologists, in conjunction with coaches and other sportsupport staff (e.g.,exercise
physiologists, sport-scientist, strength and conditioners). Therefore, research studies
should implement the knowledge and expertise of health professionals who are at the
forefront of athlete health, along with the sporting expertise and research team. The best
model for a transdisciplinary reseach team that can work effectively together alongside
many health professionals and sport personnel to combat this complex issue is yet to be

documented.
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6. Conclusion

LEA; when dietary intake, after exercise, does not meet the demands of normal
physiological functioning, is the underlying aetiology of RED-S.Researchers have tended to
operate in separate disciplines with the focus to either understand how the body functions,
IO Ei x OEA AQGDAOEAT AAO AT A O1 AAOOOAIskEd CO OEAD/
thought processes.Each discipline rightly has their place in the literature and have
contributed to the singular aspects of REDS research. However, as RES is incredibly
complex and integrated there is a needo address the divide between the phy®logical and
socio-psychological aspects of REES. In this paper we make a case fa transdisciplinary
research approach to fully understand the complexities of this syndrome in athletes. In
providing an overview of the issues involved when LEA researcls conducted as separate
disciplines, we highlight the need for a novel approach of using transdisciplinary methods

in athletic populations. With a greater understanding of the physiological and socie
psychological effects of LEA in athletes, interventiors can be put in place to(i) make a
greater impact on health, (ii) address key issues on an individual leveliii ) implement
specific strategies to regain physiological and/or psychological functioning and prevent LEA
from re-occurring, to (iv) improve performance. Further research on how transdisciplinary

teams converse with each otherinreal E£ZA OEOOAOET 1 O xEi 1l AEA EIT EI

and performance, which will help clinicians improve clinical care.
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Chapter4:. Methods

Chapter 4 provides a brief overview ofthe thesis methodology.

Overview: This chapter includes the mixed-method approach that was used to collect the
research data.This method contributes to the existing literature by using quantitative and
gualitative research methods to help generate greater understanding and nuances in

complex socio-psycho-physiological conditions such as low energy availability.
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1. Introduction

This chapter contains a brief overview of the methods used for the thesis. The importance

of using a mixed-method approach was highlighted earlier to gain a greatemunderstanding

of a complex issue (Chapte). - EGAA | AOGET AO AOA AAZET AA AO OOEA
the researcher mixes or combines quantitative and qualitative research techniques,

i AOGET AGh ADPDPOT AAEAOR AT 1 AADPQ@hnsod & OrwlieghdAeC A ET OfF
2004, p. 17)Therefore, this research aimed to incorporate a mixedmethods approach to

gain further understanding of low energy availability amongst a cohort of elite male and

female track cyclists. As such, the proposed research incorporated both quantitative and

qualitative measures. This thesis is predominately quantitative, however, there is an

advantage to incorporating qualitative information that provides nuances to the existing

literature (see strengths and limitations sections inChapter 2i).

2. Approachto Data Collection

A mixed-method approach was used to collect the data. Quantitative data were collected
over three days, and repeated @ months later. Qualitative data were collectedafter the
first round of quantitative data werecollected. The mixed-method approach is

demonstrated in Figure 5.
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Quantitative Qualitative

Physiological Socio-psychological

“ Energy Intake O{-O Exercise energy expenditure %RMR O Elood markers % DXA ?Q Interview

Figure5. Mixed-method study design of the physiological arsbcio-psychological data
collected in female (n = 10) and male (5) track cycling athletes. RMR, resting metabolic rate;
DXA, dualenergy xray densitometry

3. Participants

From the number of athletes who were members of the Cycling New Zealand (CNZ) d¢&
endurance track cycling high-performance programme andfunded through High
Performance Sport New Zealand (HPSNZ; see 3.2 below), majority (75%; 15/20f)the
cyclists were included in the thesis project. At the time of participant recruitment, athletes
who were ineligible to participate (n = 4) included two male athletes who were based
overseas, one female athlete who was breastfeedingnd another female athlete who was
pregnant. One male athletedeclined to take part in the project. The inclusion criteria to
participate in the thesis project included agedP Y Sfrge from illness and/or injury, and
currently training in the endurance track cycling high -performance programmeat the
Cambridge high-performance centre. Athletes had consistent cycling training history (>5
sessiongwk, >10Hwk, > 5y cycling experience). Based on previous literature, the athletes in

this study were classified as Performance Level-8 (De Pauw et al., 2013)making this a
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unique population accessible to study.A total of 15 (10 female, 5 male) elite endurance track

cyclists met the final inclusion criteria.

3.1 Female participants and hormonal contraception
Sevenfemales were using hormonal contraception:combined oral contraceptive pill (n = 3),
intra-uterine device (n =4). Three females were not on any form of hormonal contraception

and selfreported regular (~21- 35 day)menstrual cycles.

3.2 Cycling New Zdand high-performanceprogramme

The CNZ high-performance programme is based in CambridgeNew Zealand Cambridgeis
home to one of seven national highperformance centres that provide world-class training
and recovery facilities, as well as performance suport for all NZ elite athletes in one
location. For example, the cyclists have access to a training facility that includes an indoor
velodrome, strength training and recovery rooms, as well as experts in health and well
being (sports physicians, physiotheapists, massage therapists, athlete life, sport
psychology, performance nutrition), and performance (exercise physiologists, strength and
AT TAEOEITTET ¢ AT AAEA O qe&ntresOnaittdnfa®idniperidrohance 3 .
culture into which athletes immer se themselves and whichever facility they go to,
significant investment has been made to ensure they are able to train, use recovery areas,
and get the performance support they need for their particular sportz all under one roofo
(HPSNZz, 2020) The national high-performance programmes are fundedby the national
government, with CNZ being a part ofthe Tier 1 governmentfunded sports (receiving the

second-highest amount of core investment funding) (HPSNZ, 2020)

4. EthicalConsideration

Approval for the study was gained from the HPSNZ Research Committedcthical approval
was gained from the University of Waikato Human Research Ethics Committee
(HREC(Heath)#201724). All members of the NZ elite endurance track cycling squads were
invited to take part in the study. Written informed consent was obtained from all athletes

before participation.

5. ResearciMethods

For simplicity, the project methodologies are split into two sections: physiological measures

and socio-psychological measures.
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5.1 Physiological measas

5.1.1 Data collection

This study was a crosssectional observational study with datacollected at two time points:
before a competitive track seasorbetween September- October 2018(time point 1; T1), and
before an overseas training and competition ampaign betweenApril - May 2019(time

point 2; T2). The number of days between testing time points (T1 to T2jor each athletewas
223.5 £ 15.9 days (7.3 £ 0.5 monthwean + SD.

To determine energy availability (EA) status at each time point,participants
completed athree-day habitual dietary intake record and training record, a resting
metabolic rate (RMR) assessment and a fulbbody composition scan. An array of blood

markers was taken the same morning of the RMR

5.1.2Habitual dietary intake

Athletes completed aconsecutivethree-day diet record (3DDR) that coincided with the
measurement of anRMR assessmentto estimate total daily dietary energy intake (El).
Athletes were familiar with diet recording from the high-performance programme
nutritionist. Athletes were reminded to record all food and liquids, brands, and amounts.
Photos of products or meals that were consumed were captured and sent tahe author for
verification and clarification of written records . Athletes were contacted to clarify entries if
needed. Daily El was estimated using FoodWorks© nutrient analysis software package
(FoodWorks 9, Professbnal Edition, Version 9.0.3973, Xyris SoftwarePty Ltd, Australia),
and analyzed by the author.Food items that were reported, but were not listed in the

database, were added using nutrition labels

5.1.3Resting metabolic rate

RMR assessmergwere conducted the day after completing the 3DDR. RMR was measured
using indirect calorimetry using a ventilated hood system (Parvo Medics TrueOne 2400,
Sandy UT)following recommended protocols (Compher et al., 2006) Briefly, athletes

arrived in the morning (between 0600-0800h) following an overnight fast of >10h and
refrained from caffeine and vigorous training 24h leading up to the assessmentJpon

arrival at the laboratory, participants height (cm) and body mass (kg) were measuredRMR
data werecaptured overa 20 min assessment period and expired air was sampled every 15s.
The initial 5 min was discarded and RMR wagveragedwhen a 5min period of a CV of

NnYIT r A&nd V@O was achievedCompher et al., 2006) Measured RMR(mRMR)

values for each participant were utilized in the EA equation below(see section 5.1.4)
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The ratio (RMRratio) of nRMR to predicted RMR (RMR) hasshown to be correlated
to low energy availability (De Souza et al., 2008; De Souza, Hontscharuk, et al., 2007; De
Souza, Lee, et al., 2007; Gibbs et al., 20L,BMR was calculated by usingthe Cunningham
eqguation (Cunningham, 1980) Participants who had a RMRatio of < 0.9 were classified as

being energy deficient(as seen inChapter 5i and 5ij (Strock et al., 2020)

5.1.4Exercise Energy Expenditure

Athletes were asked to provide details of their training on the same days of theihabitual
dietary record to estimate exercise energy expenditure (EEEXCoaching and support staff
were consulted to corfirm athletes track, road, and resistance training sessions, as well as
provided average power output(Watts), duration of training sessions and perceived
exertion values where applicable. Compendium of Physical Activities was used to determine
the appropriate metabolic equivalent (MET) for the exercise completed(Ainsworth et al.,
2000). Exercise activities that were greater than 4.0 MET were included in calculations
(Guebels et al., 2014 EEE wasalculated following methods described by Heikura et al.
(2018)however, usingmRMR instead of using,RMR equations.RMR was subtracted from
EEEto account the energy cost of exercise only and to not underestimat&A (Heikura,
Uusitalo, et al., 2018)i.e., EEE = EEHKtotal) z nRMR (training), with EEE (total) =

[(Training MET value (MET) x training duration (h)] x mRMR (kcal/h), and nRMR (training)
= mRMR (kcal/h) x training duration (h).

5.1.5Body composition and bone health parameters

Body composition and bone health measures wereevaluated using wholebody dual-energy
X-ray absorptiometry (DXA) scans (GE Prodigy Advance, GE Healthcare, Madia, WI,
USA), at a private clinic. A total-body scan, in standard scan mode using the software
enCORE (version 17)was performedand analysed by the same trained technician using
standardized operation and body positioning protocols. Beforescanning, the weight and
height of each athlete weremeasured.Body composition variables selected forthe thesis
included fat mass (FM), percentage body fat mass (% FM) and fafree mass (FFM). Bone
health parametersevaluatedthe BMD (g/cm?) at the anterior-posterior lumbar spine (L:
L4) and total hip (mean result of two femur measurements). Age- and sexmatched BMD Z-
scores were derived usindAustralian (Combined Geelong/Lunar) male or female reference
population data (v113)Bone mineral densitywas categorized using Zscores (3: Z >1,

normal BMD; Z <-1, low BMD; and Z <2, clinically low BMD; osteoporosis(Mountjoy et al.,
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2014) The clinic coefficient of variation for repeated DXA scans was 1.8% (lundr spine)
and 1.3% (hip).

5.1.6Energy availability

Daily EA was calculatedoy the amount of energy consumed (daily EI) minus the amount of
energy used in exercise (daily EEE) divided by FFM. Overall EA was calculated from the
average of the three daily EAvalues. EA status was categorized based on values<30, 30
45, >45kcal/lkg FFM/day, as LEA, subclinical EA and optimal EA, respectively (Burke,
Lundy, et al., 2018)as seen inChapter 5i and 5i), or as LEA and higher EA (80A T A30P
kcal/kg FFM/day , respectively) (as seen in Chapte6i, 6ii, 6iii ).

5.1.7Haematologcal measures

Venous blood samples were obtained following the RMR assessmeritleasures of serum
oestrogen, progesterone, luteinizing hormone, ferritin, thyroid -stimulating hormone

(TSH), cortisol, and follicle-stimulating hormone (FSH) and were analysed by a local,
accredited medical laboratory. The analysis of samples vascompleted using immunoassays.
These hormones were selected as they have shown be affected by LEA(Wasserfurth et

al., 2020) Additional hormones that were analyzed, yet not included above have been

specifically mentioned in their respective manuscripts (e.g. Chapters 5iiand 6iii).

5.1.8Trainingload

For both time points, total tra ining, cycling training and resistance training duration (in
hours) were calculated over one month prior to the first day of the 3DDR using athletes
training records. Only training data that w ere complete for the month was obtained,

therefore a subsample of data from 10 athletes (6F, 4M) was used.

5.1.9 Data Analysis

The statistical data analyses used in th thesis vary depending on the data collected and the
aims of an area of interest. The statistical tests employed are stipulated in eagbaper (see
Chapter 5 and Chapter 6). In general, results are presented with mean + SD, 95% Cunless
otherwise stated. All data were checked for normality, confirmed by the AndersonDarling
test. Differences betweendata collection points (T1and T2) of measureswvere assessed
using paired t-tests. Sex differences were assessed using unpairetetsts. Relationships
between variables were assessed by thearson correlation coefficient Statistical
calculations were performed using Minitab® Statistical Software (18; Pennsylvania, USA)

with the level of significance set atp <0.05.
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5.2 Sociepsychological measures

Asthe author comes from a physiological background, before embarking on qualitative
approaches to research, the author had training in qualitative inteviewing, including
mirroring an experienced sociologist interviewing on similar themes. Also, regular
discussions of the methodological processes to the collection, analysis and interpretation of

interview findings were conducted with skilled researchers n this field (see Chapter @).

5.2.1 Data collection

The interviews were conducted after the first round of physiological measures were
performed (Figure 5). A semi-structured, open-ended interview outline was developed to
AAAOAOGO OEA OAOGAAOAE NOAOOE{ahdknodlédgelo AOA OEA
LEA/RED-3 ET Al E OBe sdnbdiricitiredoGtign® was prepared to guide the
interviewer and for consistency across the interviews, but also to allow for expansion and
diversion of related topics. The interviews consisted of 28 questions anccovered topics in
the context of RED-S such as meniguation, body image, nutrition, and injury/iliness. Also,
the interview covered topics related to the high-performance environment. After the first
interview, the order of questions was changed to improve the flow of thediscussion(Braun
& Clarke, 2006) All interviews were audio-taped, conducted individually and face-to-face at
a place chosen by the athlete. The interviews lasted approximately one hour, depetiray on

the willingness and engagement of the participant.

5.2.2 Data analysis

All interviews were transcribed verbatim by the author. Data were analysed following the
thematic analysis phases by Braun and Clark€006): familiarization with data, code
generation, searching for themes, reviewing themes, defining and naming themes, and final
analysis Supervisors and peers with expertise in qualitative methods and particularly
interviews, were consulted and thereview of key themes vasdiscussed The thematic

analysis is discussed further in Chaptebi.

5.3 Combininghe two methods
The qualitative, socio-psychologicaldata wereusedalongsidethe quantitative,
physiological data. Both data sets were used tbelp further contextualize the results and

make sense of the varying levels of EA
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6. Limitations of theMethodologicalMeasures

The research project is not without methodological limitatio ns that were experienced

during data collection:

1. The data collection measures had to be approved by, and the timing to collectiata
wereCT OAOT AA AUh OEA ObPI OOET ¢ 1T OCAT EUAOETT Al
commitments.
2. The menstrual phase was rearded however, at each time point the data werenot
AT 11 AAOGAA AO OEA OAI A OEIi A AO Al ET AEOEAOAI
3. As the DXA scans were completed at a private clinic, the availability of scanning
appointments was limited. For that reason, the DXA £ans were not always
performed on the same day as the RMR. However, DXA scans were performed as
close to the RMR as possible (within 7 days).
4. Athletes were provided their own data separately. However, he averageresults of T1
group data were provided to the athletes, and the sport organization coaches and
support staff. The results raised the awareness of the sports organization that they
had athletes who were underfuelling. Unknowingly, nutritional e ducation meetings
were provided to the athletes regardng optimal nutritional intake around training.

This confounder may have provided changes in energy availability status ar2.

7. Summary

This chapter of the thesis has covered the mixeeémethod approaches used to obtain and
analyse the results. A reminderto the reader that as the thesis is compiled of manuscripts
under various stages of review, there will be repetition of the methodologies used, with

some aspects emphasised and discussed in more depth.
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Chapter5: Quantitative Findings

Chapter 5 contains research findings of physiological, quantitative data.

This chapter is divided into two sections:

1 5iexplores the bone hedth and energy availability status of elite male and female

elite endurance track cycling athletes (Manuscript 4).

endocrine markers (Manuscript 5).
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Chapter5i: Bone Health and iiergy Availability Status in Male

and Female CyclistsManuscript 4

Schofield, K . L., Thorpe, H., Sims, ST. [Under review] Elite track cycling athletes present

with normal bone mineral density and sub-optimal to low energy availability.

Overview : As demonstrated in Chapter2i and 2ii bone health and energy availability
appearto be compromised in cycling populations. Chapter5i aims to determine the
prevalence oflow energy availability and observethe relationship with bone health in a

cohort of track cyclists.

I OOET 06 Since theGdbdyission of thisnanuscript, the addition of Keay et al. (2019)

work would address the statemento® 8 e d 041 1 OO0 ET T x1 AACAh OEA |
EA and the effects on, and duration to improve, BMD hamt been established in athletes.

4AEEO EO 1T A AOAA OE A Gan€Edlledgued (B0Edngle derhpittME OUB 6 ) T -
cyclists who made positive changes withutritional and skeletal loading interventions had

associated increases iBMD. However, vhat is still unknown is the amount and type of

nutrition (i.e., any form of increased nutrition vs macronutrientfocussed nutrition), and the

duration of improved nutrition that will see improvements in BMD.
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Abstract

Low energy availability (LEA) is ddined when dietary energy intake does not meet the
demands of exercise energy expenditure and basal energy requirements for normal
physiological functioning. LEA impairs bone health in exercising populations. Low bone
mineral density (BMD) is common amongs road cyclists. However, LEA and the
relationship with BMD in track cyclists is unknown. Energy availability (EA) status and
bone densityin eleven (7 females, 4 males) elite endurance track cyclists were evaluated.
Prior to a competitive track season (Tl and an overseas campaign (T;2approximately 7.5
months after T1), EA was calculated, and measurements of body composition and BMD
were determined by dual-energy X-ray absorptiometry. At T1, all athletes were categorized
with sub-clinical EA levels (<45 lcal/ kg fat-free mass[FFM]/ day). Sixty-four percent (4
females, 3 males) of athletes were categorized with LEA (<3al/kg FFM/day) at least once
at either T1 or T2. No significant differences in EA between T1 and T2 were found. An
increase in spine BMD was observed from T1 to T2 (p< 0.05) with a significant positive
correlation between the EA change and spine BMD change (r = 0.60h,= 11, p = 0.047). In
summary, in this cohort, elite female and male track cycling athletes have optimal bone
health. However, 64% of the athletes were categorized with LEA at least once during the
cycling season. Improvement in EA status was associateditl an increase in spine BMD,

however, this result was not clinically meaningful and requires further investigation.

Keywords : athlete; bone mineral density; DXA; cycling; low energy availability.

Highlights

1 New Zealand elite track cycling athleteshave optimal bone health.

1 Sixty-four percent of male and female were categorized with low energy availability

at least once during the cycling season.

1 Improvement in energy availability was associated with an increase in spine bone

mineral density however, this result was not clinically meaningful.
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1. Introduction

Non-weight bearing sports, such as cycling, reduce osteogenic stimulation on boniarry &
Kohrt, 2008) and these sports are associated with lower levels of bone mineral density
(BMD) (Tenforde et al., 2016)Over half (57%) of crosssectional studies found cyclists had
lower lumbar spine BMD compared to active control group involved in weightbealing and
non-weightbearing activities, however, the systematic review of bone health in cyclists
found inconsistent results of a possible higher risk of low BMD(Nagle & Brooks, 2011)
Professional road cyclists are at a greater risk of poor bone health due to the length and
duration spent in anon-weightbearing activity (Olmedillas et al., 2012) However, to date,
BMD has not been exclusively investigated in track cyclists. In comparison to road cycling,
track cycling events are typically much shorter and completed at higher intensities.
Training for a track cycling event includes specific on the bike road and trackspecific
training sessions, as well as specific resistance training with the focus on strength and
power. The inclusion of resistance training may assist with attenuating the loss of BMD
(Ryan et al., 2004)

Low energy availability (LEA; <30 kcalkg fat-free mass[FFM]day) has shown to
impair bone health in exercising populations (Papageorgiou et al., 2018)Studies have
observed negative influences of reduced energy availability (EA) on bone turover markers
in male endurance runners(Zanker, 2006), male jockeys(Dolan et al., 2012)and in
exercising women(lhle & Loucks, 2004) Cycling is a sport where there is a known greater
risk of LEA due to the perceived perfomance advantage of low body weight and leanness
(Burke, Close, et al., 2018; Logue, Madigan, Delahunt, et al., 201B) elite sport,
investigation of LEA is growing, with findings of elite athletes typically competing in
distance or endurance sports(Logue et al., 2020) The LEA literature on cycling is specific
to endurance road cyclists, reporting 28%(Keay et al., 2018and 70%(Viner et al., 2015)f
athletes at risk LEA, and EA vales between 19 57 kcal/kg FFM/day (Heikura et al., 2019;
Torstveit et al., 2019; Viner et al., 2015Anthropometrically, t rack cyclists carry more
muscle mass compared to road cyclists, and the training duration is shorter than that of
pure road cycling, yet the intensity is much greater. Therefore, the specific engy
requirements of track cyclists may be underestimated, potentially increasing the risk of LEA

in this population.

To date, the relationship between BMD and EA status in track cyclists has been

largely unexplored. Therefore, a crosssectional study wasconducted to observe bone
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health and EA status of male and female elite track cyclists across a competitive cycling
season. Specifically, the main aims were t¢i) determine BMD in the lumbar spine and hip
region, (ii) assess energy availability andjii ) evaluate the relationship between energy

availability and BMD, in male and female track cyclists.

2. Materials and Methods

2.1 Participants

Elite endurance athletes who were members of the New Zealand track cycling high
performance programme were invited to participate in this study. Inclusion criteria
included A C A A |, fR&ffod illness and/or injury, and currently training in the endurance
track cycling high-performance programme. Athletes had consistent cycling training
history (> 5 sessiongwk, >10h/wk, > 5y cycling experience). Based on previous literature,
the athletes in this study were classified as Performance Level-8 (De Pauw et al., 2013)

making this a unique population accessible to sudy.

Fifteen (10 females, 5 males) athletes were included in the study. Four participants
were excluded due to:(i) incomplete data (2 females),(ii) leaving the high-performance
programme (1 male), and(iii) contract non -renewal (1 female), leaving a tal of 11
participants (7 females, 4 males) in the final analysis Table 9). Five females were currently
using hormonal contraception: combined oral contraceptive pill (n = 2), intra-uterine
device (n = 3). Two females were not on any form of hormonal contraception and self

reported regular (~21- 35 day)menstrual cycles.

Approval for the study was gained from the High Performance Sport New Zealand
(HPSNZ) Research Comrittee. Ethical approval was gained from the University of Waikato
Human Research Ethics Committee (HREC(Health)#20%24). All members of the NZ elite
endurance track cycling squads were invited to take part in the study. Written informed

consent was obtaired from all athletes prior to participation.
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Table9. Descriptive characteristics data (mean + SD, 95% CI) for the group, female and male
elite track cycling athletes

Total (n=11) Female (n=7) Male (n=4)
Demographics
Age (y) 22.8+3.8 239+4.4 21.0+15
(20.3, 24.4) (19.8, 28.0) (18.6, 23.3)
Height (cm) 175.4+6.2 171.7+ 3.8 181.9+3.2
(171.2,179.6) (168.2, 175.2) (176.9, 186.9)*
Body mass (kg) 70.7+5.6 68.2+4.8 75.1+43
(67.0, 74.5) (63.8, 72.7) (68.2, 82.0)
23.0+1.1 23.1+0.9 22.7+15
BMI (kg.m?) (22.2, 23.7) (22.3, 23.9) (20.3, 25.0)
Performance characteristics
Maximal minute power (W) n/a 375+ 27 465 + 29
(F=3min, M=4min) (350, 400) (412, 511)
Maximal aerobic capacity, 61.3+9.5 55.8+£3.3 74.33+3.8
VO2max (MI/kg/min ) (54.5, 68.1) (52.7 + 58.8) jon8ph |
* significant difference from women (p <0.05)

3 | K £

2.2 Experimental design

This study was acrosssectional observational study with datacollected at two time points:
before a competitive track season between SeptemberOctober 2018 (time point 1; T1), and,;
before an overseas training and competition campaign between Aprit May 2019 (time

point 2; T2). No intervention was provided between timepoints. The number of days
between testing time points (T1 to T2) was 223.5 £ 15.9 days (7.3 £ 0.5 months). To
determine EA status at each time point, participants completed athree-day habitual dietary
intake record (3DDR) and training record, a resting metabolic rate (RMR) assessment and a

full -body composition scan.

2.3 Data collection

2.3.1 Habitual dietary intake

Athletes completed a consecutive 3DDR, that coincided with the measurement of an RMR
asessment to estimate total daily dietary energy intake (El). Athletes were familiar with
diet recording from the high -performance programme nutritionist. Athletes were reminded
to record all food and liquids, brands, and amounts. Photos of products or meals that \wre
consumed were captured and sent to the principal investigator for verification and
clarification of written records. Athletes were contacted to clarify entries if needed. Daily El
was estimated using FoodWorks© nutrient analysis software package (Food\fks 9,

Professional Edition, Version 9.0.3973, Xyris Software Pty Ltd, Australia). Food items that
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were reported, but were not listed in the database, were added using nutrition labels. The

principal investigator analysed all dietary records.

2.3.2 Restig metabolic rate

RMR assessments were conducted the day after completing the 3DDR. RMR was measured
using indirect calorimetry using a ventilated hood system (Parvo Medics TrueOne 2400,
Sandy UT) following recommended protocols(Compher et al., 2006) Briefly, athletes

arrived in the morning (between 0600-0800h) following an overnight fast of >10h and
refrained from caffeine and vigorous training 24h leading up to the assessment. Upo

arrival at the laboratory, participants height (cm) and body mass (kg) were measured. RMR
data werecaptured over a 20min assessment period and expired air was sampled every 15s.
The initial 5 min was discarded and RMR was averaged when arbin period of a CV of

nYT r A&b&n® V@ was achievedCompher et al., 2006) Measured RMR(mRMR)

values for each participant were utilized in the EA equation below.

2.3.3 Exercise Energygenditure

Athletes were asked to provide details of their training on the same days of their habitual
dietary record to estimate exercise energy expenditure (EEE). Coaching and support staff
were consulted to confirm athletes track, road, and resistanceraining sessions, as well as
provided average power output (Watts), duration of training sessions and perceived
exertion values where applicable. Compendium of Physical Activities was used to determine
the appropriate metabolic equivalent (MET) for the exercise completed (Ainsworth et al.,
2000). Exercise activities that were greater than 4.0 MET were included in calculations
(Guebels et al., 2014)EEE was calculated following methods described by Heikura et al.
(2018)using nRMR instead of predicted RMR equations. RMR was subtracted from EEE to
account the energy cost of exercise only and to not underestimate EfHeikura, Uusitalo, et
al., 2018)i.e., EEE = EEKtotal) z nRMR (training), with EEE (total) = [(Training MET value
(MET) x training duration (h)] x mRMR (kcal/h), and nRMR (training) = mnRMR (kcal/h) x

training duration (h).

2.3.4 Body composition and bone health parameters

Body composition and bone health measures were evaluated using wholeody dual-energy
x-ray absorptiometry (DXA) scans (GE Prodigy Advance, GE Healthcare, Madison, WI,
USA), at a private clinic. A total-body scan, in standard scan mode using the software

enCORE(version 17), was performed and analysed by the same trained technician using
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standardized operation and body positioning protocols. Before scanning, the weight and

height of each athlete were measured.

Body composition variables selected for this studyincluded fat mass (FM),
percentage body fat mass (% FM) and FFM. Bone health parameters evaluated the BMD
(9/cm?) at the anterior-posterior lumbar spine (LtL4) and total hip (mean result of two
femur measurements). Age and sexmatched BMD Z-scores were @rived using Australian
(Combined Geelong/Lunar) male or female reference population data (v113). Bone mineral
density was categorized using Zscores (Z): Z >1, normal BMD; Z <1, low BMD; and Z <2,
clinically low BMD; osteoporosis (Mountjoy et al., 2014) The clinic coefficient of variation

for repeated DXA scans vas 1.8% (lumbar spine) and 1.3% (hip).

2.3.5 Energy availability

Daily EA was calculated by the amount of energy consumed (daily EI) minus the amount of
energy used in exercise (daily EEE) divided by FFM. Overall EA was calculated from the
average of the hree daily EA values. EA status was categorized based on values of <30, 30
45, >45kcal/lkg FFM/day, as LEA, sukclinical EA and optimal EA, respectively(Burke,
Lundy, et al., 2018)

2.3.6 Training duration
For both time points, total training, cycling training and resistance training duration (in
hours) were calculated over one month prior to the first day of the 3DDR using athletes

training records (Table 10.

2.4 Statigical analysis

Results are presented with mean = SD, 95% CI. Mean scores @ild T2) encompass both
time points and refer to the average of Tland T2. All data satisfied assumptions of
normality, confirmed by the Anderson-Darling test. Differences between T1 and T2 for body
composition measures, training hours, bone mineral density parameters, and EA were
assessed using paired-tests. Sex differences were assessed using unpairetests. A
Pearson correlation coefficient and other regression parameters wgntified the relationship
between the change inEA and the change in BMD of spine and hip (raw and standardized)
values. Diagnostic plots confirmed that simple linear regression models were appropriate
for the relationships. When determining clinical sign ificance, the International Society for
Clinical Densitometry (ISCD) (Hangartner et al., 2013yecommends calculating a precision

error for each bone site of interest. A biological change in BMD was considered meaningful
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when exceeding the least significant change (LSC) score, defined as 2.77 times precision
error (Bonnick, 2008). The LSC score with 95% confidence for the spine and hip was
provided as 0.028 gcm?and 0.033 gcm?, respectively. Statistical calculations were
performed using Minitab® Statistical Software (18.1; Pennsylvania, USA) with the level of

significance set atp <0.05.

3. Results

3.1 Descriptive characteristics

Descriptive characteristics for female and male athletes are provided iTable 9.

3.1.1 Training charactestics

Total training, cycling training, and resistance training duration one month before T1 and
T2 are provided inTable 10. Between T1 and T2, no differences in avage total training
hours and resistance training hours, one month before the testing days, were observed (p =
0.247, p = 0.975, respectively). However, there was a significant reduction in cycle training
hours at T2 compared to T1 (p = 0.006), which wasuk to a significant reduction in cycling

training hours in female athletes (p = 0.013Table 10.
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Tablel0. Data (mean £ SD, 95% CI) for the group, female and male elite track cycling athletes before a competitive track seasnd bEfyr@ an
overseas training and competition campaign (T2)

T1 T2
Total Female Male Total Female Male
(n=11) (n=7) (n=4) (n=11) (n=7) (n=4)
Body composition
Fat mass (kg) 126+29 145+1.7 9.3+8.5 12.8+35 15.0+2.3 9.0+1.0
(10.6, 14.6) (12.9, 16.0) (8.0, 10.7)** (10.4, 15.2) (12.8,17.1) (7.4, 10.6)**
Body Fat(%) 185+4.38 21.8+1.9 12.8+0.8 18.6 £55 223122 122+15
(15.3, 21.7) (20.0, 23.5) (11.5, 14.1)** (14.9, 22.3) (20.2, 24.4) (9.8, 14.5)**
Fat-free mass (kg) 59.0+7.2 54.6 £ 4.1 66.6 £ 3.9 59.5+8.0 545+ 4.2 68.4 £ 3.6
(54.2, 63.8) (50.8, 58.4) (60.4, 72.9)* (54.2, 64.9) (50.6, 58.3) (62.6, 74.2)**
Bone parameters
TBD (g/cm?) 1.17 £ 0.09 1.139 + 0.087 1.214 + 0.068 1.18 £ 0.09 1.14 £0.09 1.24 +0.06
(1.11,1.22) (1.029, 1.219) (1.107, 1.322) (1.11, 1.24) (1.06, 1.23) (1.14, 1.33)
BMC (g) 2797 + 382 2612 + 296 3120 + 305 2813 + 386 2623 £ 312 3145 + 264
(2540, 3054) (2338, 2885) (2635, 3606)* (2553,3072) (2334, 2911) (2724, 3565)*
Spine BMD (L1L4) 1.285 0.086 1.285+0.104 1.283 + 0.053 1.309 + 0.101 1.313+0.116 1.300 + 0.084
(1.226,1.342) (1.189, 1.382) (1.199, 1.367) (1.241, 1.376)*** (1.206, 1.421)*** (1.167, 1.433)
1.097 +0.112 1.072 +0.123 1.142 + 0.083 1.108 £ 0.116 1.076 £ 0.123 1.164 + 0.088

Hip BMD

(1.023,1.172)

(0.958, 1.186)

(1.010, 1.274)

(1.031, 1.186)

(0.963, 1.190)

(1.024, 1.304)

Resting metabolic rate

RMR (kcal day)

1629 + 332
(1406, 1853)

1402 + 85.6
(1324, 1482)

2026 + 154
(1781, 2271)*

1574 + 260
(1399, 1748)

1432 + 122
(1319, 1545)

1822 + 258
(1411, 2233)

Energy availability

EA (kcal/kg FFM/day)

31+9
(25, 38)

31+9
(22, 39)

32+11
(15, 49)

35+8
(30, 40)

36+9
(28, 44)

33+6
(24, 43)
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T1 T2

Total Female Male Total Female Male

(n=11) (n=7) (n=4) (n=11) (n=7) (n=4)
Training characteristics
Total training hours 52.1+7.76 542 +85 489+6.1 42.1+21.1 22.7+24 63.5+17.3
(average Hmonth) 3 (46.6, 57.7) (45.3, 63.2) (39.2, 58.6) (27.0,57.1) (25.2, 30.3) (36.1, 91.0)*
Cycling training hours 449+6.1 46.8+7.1 42.0+3.0 27.4 £ 9.8** 22.8+9.0 34.4+6.5
(average Hmonth) 3 (40.5, 49.2) (39.4, 54.3) (37.2,46.7) (20.5, 34.4) (13.3, 32.3y** (24.144.7)*
Resistance training hours 8429 9.0+£2.38 7.3+3.1 8.3+32 6.0£0.8 11.8+1.6
(average Hmonth) 3 (6.3,10.4) (6.2, 12.0) (2.3,12.3) (6.0, 10.6) (5.1. 6.9) (9.3, 14.3)*

BMI, body mass index; BMC, bone mineral content; BMD, bonenineral density; EA, energy availability; FFM, fatfree mass; F, female; M, male; TBD, total body density

3 EI 600 AAAOOAA

ITA

* significant difference from women (p <0.05)
** significant difference from women (p < 0.001)
*** significant difference from T1 ( <0.05)

OAOGOET ¢
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3.2 Bone parameters

Ninety-one percent of athletes (6 females, 4 males) athletes had normal-gcores of >1 at
the hip and spine at T1 and T2. One female athlete demonstrated total hip-&core of-1.3
both at T1land T2. Bone mineral content (BMC) was not different between Tlnd T2 (p =
0.222;Table 10. Spine BMD between T1 and T2 increased significantly in both raw and
standardized measures (0.024, 0.0060.04 g'cm?, p = 0.015 and 0.18D,04 - 0.30 Zscore, p
= 0.02, difference in means [T2T1], 95% ClI, respectivelyFigure 6, Panel A). Spine BMD
difference between T1 and T2 did noexceed the LSC score. Differences between T1 and T2
for BMD at the spine was observed in females (0.028, 0.005, 0.05an?, p = 0.026,
difference in means [T2T1], 95% ClTable 10 and equalled the LSC score. There was no
difference between T1 and T2 in total hip BMD (p = 0.083igure 6, Panel B).A correlation
analysis showed no relationships in the spine or hip BMD with body fat percentage,
however, there was a statistically significant positive correlation of fatfree mass and BMD
at the hip only (r = 0.454, p = 0.034).
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Figure6. Lumbar spine (Panel A) and total hip (Panel B) bone mineral densitynig at
timepoint one (T1) and timepoint two (T2) in elite track cycling athletes (7 females, 4 males).
Filled triangles denote mean * 95% ClI, open circlesate individual values. *T2 statistically
different from T1, p< 0.05

123



Chapter 5i

3.3 Energy availability

No statistical differences were observed in El (p = 0.155) or EEE (p = 0.477) between T1 and
T2. At T1, all athletes were categorized with suzlinical EA levels (<45kcal/kg FFM/day)

with 55% (4 females, 2 males) of athletes categorized with LEA (<3¢cal’kg FFM/day;

Figure 7). Mean EA, female EA, and male EA values at Bhd T2 are provided inTable 10 A
decrease in the number of athletes categorized with LEA was observed at T2 (27%; 2
females, 1 maleFigure 7). Collectively, 64% (4 females, 3 males) of athletes were
categorized with LEA at least once at either T1 or T2, with two female athletes categorized
with LEA at both T1 and T2. EA was not dierent between T1 and T2 (3.98,11.25 3.28

kcal/kg FFM/day, difference in means T2T1, 95% CI, p = 0.249).
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Figure?. Energy availability (EA) at timepoint one (T1) and timepoint two (T2) in elite track
cycling athletes (7 fmales, 4 males). Dashed lines represent low energy availability thresholds
of low EA at <30 kcékg FFMday and adequate EA >45 ktky FFMday. Filled triangles

denote mean * 95% ClI, open circles denote individual val&#adM, fatfree mass
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3.4 Relationships between bone mineral density and energy availability

There was no statistical relationship found between EA and BMD at the spine or hip at T1 (r
=-0.486, p = 0.130; r =1.175, p = 0.607, respectively). In seven athletes, there was a
significant positive correlation between the EA change and BMD spine change (r = 0.607, n
=11, p = 0.04Figure 8, Panel A). No such associations for hip BMIrhanges were observed
(Figure 8, Panel B).
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0.02

0.00

Bone mineral density change (g/cm2)

-0.02

r=0.607, p = 0.047 r=0.070, p = 0.837

-10 0 10 20 -10 0 10 20
EA change (kcal/kg FFM/day)

-0.04

Figure8. Relationship between change (TR1) in the lumbar spine (Panel A) and total hip
(Panel B) bone mineral density (gn¥) and change in EA (k¢&b FFMday) in elite track cycling
athletes (7 females, 4 malesEA, energy availabtly; FFM, fatfree mass

4. Discussion

Bone health (Olmedillas et al., 2012)and the effects of LEA on bone healthHeikura,
Uusitalo, et al., 2018; Papageorgiou et al., 2018; Viner et al., 20i&Ye been widely
investigated in endurance cycling populations. However, both health andEA status of elite
track cyclists is unclear. This study investigated BMD and EA status in elite male and
female track cycling athletes, implementing a crosssectional study designat two time

points throughout a cycling season.

Athletes who are involved in hon-weight bearing sports, such as cycling, are at a

greater risk for lower BMD compared to athletes in weight bearing sports(Scofield &
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Hecht, 2012) with trained cyclists incurring a greater risk than recreational cyclists
(Campion et al., 2010; Mojock et al., 2016Research has reported lower levels of BMD in
adolescent road cyclists with 10h per week of cyclingOlmedillas et al., 2011xnd
professional cyclists(Nagle & Brooks, 2011xompared to healthy non-cycling controls. On
average the athletes in the current study demonstrated normal BMD in the spine and the
hip, and an increase in spine BMD observed between the two testing time points. In
contrast, forty percent of male and female cyclists (road and mountain) had low BMD at the
lumbar spine, 10% had low BMD at the femoral neck, yet no changes occurred throughout
the cycling season(Viner et al., 2015) Contrary to road cycling, track cycling events are
typically shorter and completed at higher intensities with greater power outputs (Craig &
Norton, 2001; Jeukedrup et al., 2000); the load imposed on bone in track cyclists may
provide an osteogenic benefit compared to road cyclists, particularly in the spine. As found
in male mountain cyclists, total, spine and hip BMD was greater compared to male road
cyclists and recreationally active male controls, suggesting mountain biking may provide an
osteogenic stimulus(Warner et al., 2002) In World Master track cycling athletes, sprint
cyclists had greater radial and tibial bone strength and distance cyclists had greater tibial
bone strength, compared to sedentary controls(Wilks et al., 2009). It is unknown the forces
that track cyclists experience in comparison to road cyclists or mountain cyclists, and the

effects of different modes of cycling on BMD and is worth investigating.

In addition, the athletes in the current study also engaged in regular resétance
training throughout the season. Resistance training is recommended to increase BMD and
bone strength (Goolsby & Boniquit, 2017; Kohrt €al., 2004). Weight training in male
cyclists was associated with higher BMD of the spine, hip, femoral neck and trochanter
(Mathis & Caputo, 2018) At least six months is needed to see measurabkesults in BMD as
one remodelling cycle takes three to four months to complete(Goolsby & Boniquit, 2017)
and in the current study, the duration between the two data collection time points was
longer than one bone remodelling cycle. It could be speculated the athletes in the current
study are responding to the load provided by the resistance training, that is sitespecific at
the lumbar spine, howeve, not enough to stimulate the osteogenic effects on hip BMD. Or,
the bone density at the hip has reached a plateau due to the load and time under tension
that these athletes perform in the quadriceps throughout their years of training. Another
hypothesisrelates to the reduction in cycling training hours one month before testing, that
was observed in females at T2. The difference in prior testing training duration was due to

an overseas campaign of the women before T1, in that, the women had a higher cywij load
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due to an intensive block of track and road racing. The reduction in cycling training load
following T1, particularly in road cycling, may have assisted in improving BMD at T2.

Further investigation of this premise is needed.

We reported a significant statistical increase between the time points for spine BMD
(Table 19. However, this result did not exceed the LSC value. Although this finding was
statistically significant, we cannot confirm this result is clinically meaningful and due to
biological change. However, within females, spine BMD change equalled LSO éble 10. It
is suggested that females are more sensitive than males, to bone marker imbalancéble &
Loucks, 2004) which may help explain the sex differences we observed. However, due to
the low number of participants our analytical power is limited to conclude biological

changes in bonedensity.

Overall, all athletes in the current study were categorized with subclinical EA
status. The threshold for optimal energy is known to be 45cal/kg FFM/day with a clinical
LEA cut-off established at<30 kcal/kg FFM/day at which impaired physiological
functioning begins to occur (Ihle & Loucks, 2004; Mountjoy et al., 2014)Of this cohort of
track cyclists, 64% of athletes fell below the clinical LEA threshold at least once at the two
testing time points. Previously reported LEA prevalence in endurance competitive cyclists
was 70%(Viner et al., 2015) However, a recent review suggested that the threshold for LEA
ET TAITAG EO 11 xA0O AKcdl/g Arvkddy ODI8 ki AFMADY, | NY i
respectively) (De Souzaetal.,, 2019 5 OET ¢ OEA 0OOCCAkdkhkFMEYOA OET 1 A

for male athletes, 0% would be categorized with LEA.

Compared to endurance cycling, track cyclists spend less time a weight-
supported position and can easily refuel between efforts in a training session. However,
anthropometrically, track cyclists carry more muscle mass compared to road cyclists. The
energy requirements for training and performance may be underestinated, therefore
inadequate calorie intake may be promoted and reflective in the LEA status of this cohort.
Furthermore, given the known LEA threshold is associated with negative effects on bone
health (lhle & Loucks, 2004) just under 2/3 of our population are at risk of damaging
effects on bone health. Ihle & Loucks(2004) found with short-term LEA in exercising
women, bone resorption increased and bone formation was impaired. Contrary to that
finding, reduced EA of 15%cal/kg LBM/day did not impair bone health in physically active
men (Papageorgiou et al.2017) which confirms the suggested lower threshold for LEA in

males(De Souza et al., 2019Bone turnover markers were reduced when exposed to
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repeated periods of prolonged treadmill running with energy restriction in male endurance
runners. However, when energy balance met the energy demands of exercise, bone
turnover markers were unaltered (Zanker & Swaine, 2000) Although Zanker and Swaine
(2000) studied male runners, the study demonstrates the link between exerciseinduced
energy deficiency and the boneremodelling imbalance that may lead to bone loss.
Longitudinal studies are needed to see the impact of unintentional exerciseénduced energy

deficiency on bone turnover markers but alsohow this is presented in bone density.

EA did not change between T1 and T2, however, this does not imply that all athletes
did not have changes in EA. Therefore, we were interested to investigate what association
may occur with the change in EA petweenT1 and T2 and BMD status. With further
analysis, in the majority of cases (n = 7), there was a positive (withirsubject) relationship
between the change in EA and the change in spine BMD. The correlation was statistically
significant, in that athletes who increased EA from T1 to T2, also increased BMD from T1 to
T2. However, we must be cautious with this finding as there was a negative (between
subjects) relationship between the athlete average EA and average spine BMD. This
paradoxical situation can be phusibly explained. For example, it may be that the average
BMD per athlete reflects pre-study EA status and that athlete awareness of some of the
consequencedo bone led to modified EA status during the study. We expected those with
high EA statusto have high BMD at T1. As shown using correlation analysis, this was not
apparent. Also, communicating the results from the first data collection period with
coaches, the sports doctor and the nutritionist within the high -performance programme
prompted action to address LEA for atrisk athletes. Nutritional education and awareness of
appropriate fuelling around training sessions wasorganized for all athletes and conducted
outside the current study. The educational sessions could explain the association of
improvement in EA with an improvement in spine BMD. To our knowledge, the
investigation of improving EA and the effects on, and duration to improve, BMD has not

been established in athletes. This is one area that is needing inquiry.

The current study has severastrengths. First, the cohort included male cyclists.
Most of the literature in LEA is focussed on females, despite the REL3 model being
inclusive of male populations (Mountjoy et al., 2014) Second, the cohort studied elite track
cyclists with some members competing at pinnacle events€.g.,World Championships,
Olympics), with 83% (15/18)of available athletes in theelite endurance squads recruited.

Third, EA values were calculated using measured RMR, as estimated RMR equations are not
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appropriate methods to use in athletic populations (Schofield et al., 2019) Additionall y,
FFM values were measured using whokbody DXA, which is considered anaccurate and
precise tool when measuring body composition. Finally, high adherence to testing protocols

was attained by athletes due to the collaboration with their coaches and supparstaff.

The present study is not without limitations. The first limitation is the small sample
size, which reduced power and ability to detect statistically significant changes between the
two testing time points or sex. However, coinciding with other findings (Viner et al., 2015)
there was no difference in EA status levels between sexes observed in a similar sample size.
Second, implementing a crosssectional design, reduced any affirmation to causal lks. The
lack of a control group to compare to non-elite, active populations limited any drawn
conclusions of BMD and EA changes based on the nature of the elite sport or due to
seasonal change. Third, the threshold of LEA for male populations is uncleaas the
standard threshold established in femaleglhle & Loucks, 2004; Mountjoy et al., 2014)As
mentioned, the threshold for LEA in malesis suggested to bdower compared to females
(De Souza et al, 2019) Until further research addresses this suggested threshold in men,
continual use of the female thresholds will be implemented. Furtherinvestigation on the
effects of LEA and the threshold of impaired physiological functioning, including bone

health, in male athletic populations, is needed.

5. Conclusion

The current study demonstrates elite female and male track cycling athletes have ojrnal

bone health. Yet, 64% were categorized with LEA (<3@cal/kg FFM/day) at least once at

OEA Oxi1 OAOOEI ¢ OEIi A DBl EIT OOh xEEAE ET AOAAOGAO
exerciseinduced energy deficiency. In this cohort, those who improved EAstatus

throughout the cycling season had an associated statistical, yet not clinically meaningful,

increase in spine BMD. Within cycling populations, further investigation on the effects of

increasing EA and the implications of improving bone density is warranted.
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Chapter 5i1 Endocrine and Energy Availability Status in Male
Cyclistsg Manuscript 5

Schofield, K . L., Thorpe, H., Sims, ST. [Under review]. Casestudy: Energy availability and

endocrine markers in elite maletrack cyclists.

Overview : Following on from Chapter 2ii, the literature review in male cyclists (Chapter
2ii) observing reductions in endocrine function and bone health, Chapter5ii sought to

observe energy availability and endocrine markers in male trak cyclists.
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Abstract

Aim: To highlight energy availability (EA) status, resting metabolic rate (RMR) measures,
dietary protein intake and the effects on testosterone in four elite male track cycling

athletes (age: 20.8 + 1.5 years, body mass: 76.3 + 3.6kg, height: 181.8 + 2.9eaw m SD).

Method: A crosssectional observationstudy included measures of EA (energy intake
minus exercise energy expenditure, divided by fafree mass; FFM), RMR from indirect
calorimetry, dietary protein intake from food records, blood analysis to asgss sex hormone

status, and performance markers.

Results: Mid-range testosterone, lowered RMR ratio, varied luteinizing hormone and sub
optimal EA were observed in the male track cyclists (16.9 19.8 nmol/L, 0.76z 0.98, 410
U/L, 26 - 41kcal/kg FFM/day, range; respectively).

Conclusion: The current cohort may have within-day energy deficiency, putting them in a
catabolic state.It is unknown if the observable higher dietary intakes of protein consumed

may have prevented further reduction in testosterore in this unique population.

Keywords: athlete, energy deficiency, protein, relative energy deficiency in sport, sex

hormones
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1. Introduction

Low energy availability (LEA), defined as inadequate energy intake relative to exercise
energy expenditure, is the underlying cause oRelative Energy Deficiency in Sport (RED-S)
and manifests in a range of health and performance impairmentgMountjoy et al., 2018)
RED-S has predominantly been investigated in female athletes, however, the REB model
extends to male athletes(Mountjoy et al., 2018)as evidence imlicates similar metabolic
suppression, endocrine dysfunction, and reduced bone density with an accompanied energy

deficiency (Burke, Close, et al., 2018)

Energy deficits in men have shown reductions in sex hormones, specifically
testosterone (Longland et al., 2016) Reduced testosterone associated with high volumes of
endurancetraining is known as exercisehypogonadal male condition (EHMC) (Hackney et
al., 2005) Therefore it is unsurprising that reductions in testosterone have been reported in
professional road cyclists(Lucia et al., 2001)Moreover, there is a demonstrated association
with reduced free testosterone, with and without chronic LEA (Keay et al., 2018)A clear
distinction between LEA and EHMC exists. There are cases where testosterone can be
reduced in endurance athletes without large energy deficits, potentially due to the low
levels of body fat found in elite male endurance athletes. Furthermore, larger singléour
energy deficits are asociated with suppressed resting metabolic rate (RMR), elevated
cortisol and lower testosterone:cortisol ratios in male endurance athletegTorstveit et al.,
2018) However, fewcycling-specific studies have been conducted observing the

relationship between LEA and endocrine function (Keay et al., 2018)

Dietary protein is important to repair and rebuild body proteins, with
recommended protein intakes of endurance athletes to be 1:2.0 g/kg/day. Moreover, the
effect of high-protein intake (2.4g/k g/day) during periods of energy restriction,
concomitant with exercise training, has demonstrated no attenuation in sex and metabolic

hormones (Longland et al., 2016)

Track cycling has a greater emphasis on powestrength training as compared to
endurance-road cycling with a significant difference in day-to-day energy expendiure.
Multiple high intensity training sessions in a day required for track cycling may increase the
risk for suppression of RMR and endocrine markers due to an elongated period of
catabolism (Torstveit et al., 2018) To date, there has been no study conducted in elite male
track cyclists investigating energy availability (EA) and endocrine markers. Therefore, we

present a case seriesfeelite male track cycling athletes to highlight sub-optimal EA, RMR
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measures, dietary protein intakes, and their effects on testosterone, and possible

performance implications in track cyclists.

2. Methods

2.1Case series

This crosssectional dataset isa subset from a larger project observing LEA in elite male and
female track cyclists. This paper includes measures from four elite male track cyclists (age:
20.8 £ 1.5 years, body mass: 76.3 + 3.6kg, height: 181.8 £ 2.9cm; mean = SD) who were
members ofthe New Zealand track cycling high performance programme.The average
number of years that the cyclists were a part of the highperformance programme was 2.5 +
1.3yBased on previous literature, the athletes in this study were classified as Performance
Level 4-5, reflective of welltrained to professional athletes(De Pauw et al., 2013)The study
inclusion criteria included A C A A frR&ffd fiiness and/or injury, and currently training

in the endurance track cycling high-performance programme. Ethical approval was gained
from the University of Waikato Human Research Ethics Committee (HREC(Heath)#201-7
24) and the High Performance Sport New Zealand Research Committee. Written informed

consent was obtaned from athletes prior to participation.

2.2 Assessments

2.2.1Endocrine function and energy availability assessments

Morning fasted blood samples were collected by a trained phlebotomist following an RMR
assessment. Measures of serum testosterone argteinizing hormone (LH) were analysed
by a local, accredited medical laboratoryusing immuno assaygqTable 1). Reference ranges
for LH and testosterone were 1.3 9.6 U/L and 8.3- 33 nmol/L, respectively(Mayo Clinic
Laboratories, n.d.). RMR was measured using indirect calorimetry using a ventilated hood
system (Parvo Medics TrueOne 2400, Sandy UT) following standardized protocols and
analysis(Compher et al., 2006) RMR ratio was calculated as measured RMR.RMR) to
predicted RMR (ERMR), with a ratio of <0.90 as a marker of energy defiency (Strock et al.,
2020). pPRMR was estimated using the Cunningham equation(Cunningham, 1980)

Fat-free mass (FFM) and percent body fat \wre determined by a full-body
composition scan from dual energy xray absorptiometry (DXA; GE Prodigy Advance, GE

Healthcare, Madison, WI, USA).
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Energy intake and protein intake were assessed using a consecutive thregay diet
record and assessed by FoodWorks© nutrient analysisoftware package (FoodWorks 9,
Professional Edition, Version 9.0.3973, Xyris Software Pty Ltd, Australia). Daily exercise
energy expenditure (EEE) was determined on the same days of habitual dietary records.
Details of training sessions were provided by te athletes, coaches, and support staff,
including average power output (Watts), duration of training sessions and perceived
exertion values where applicable. EEE and EA was determined using methods described
elsewhere(Heikura, Uusitalo, et al., 2018) with nRMR implemented instead of using jRMR
equations. Overall EA was calculated from the average of the three daily EA values with
values of <30, 3845, >45kcal/kg FFM/day, categorized as LEA, sufzlinical EA and optimal
EA, respectively(Burke, Lundy, et al., 2018)

2.2.2Traning load and performance measures

Athletes completed a maximal aerobic ramp test 6 Gdmax) on a cycling ergometer
(Cyclus2, RBM elektronikautomation, Leipzig, Germany) starting at 173Natts (W) and
increasing 25 W/min until voluntary exhaustion. Breath-by-breath expired gasses were
recorded to assessolume of oxygen 6 (%) and volume of carbon dioxide (6 GD.) (Parvo
Medics TrueOne 2400, Sandy UT). Peak power output (PPO) & (max was recorded.
Training load and functional threshold power (FTP) valueswere obtained utilizing SRM™
device and Training Peak$“ software. Training load was determined over two weeks prior
the endocrine marker and EA assessments and prior to the performance measures.
Performance testing was conducted four weeks after the enderine function and EA
assessments, as determined by the higiperformance sport organization and athlete

availability .

3. Results

Values for body fat percent, RMRpRMR, LH, total testosterone, EA ranged from 10.3
13.9%, 14622046 kcal/day, 0.76z 0.98, 4-10 U/L, 16.9 19.8 nmol/L, 26- 41kcal/kg

FFM/day, respectively (Table 1). Athlete 1 presented with a lowered RMR, migrange
testosterone and suboptimal EA despite a healthy body fat percentage. Athletes 2 and 4
presented with low body-fat percentages, midrange testosterone, although maintained
RMR ratios which were not indicative of LEA. Athlete 2 presented with LH greater than the
reference range. Athlete 3 presented with definitive markers of LEA: suppressed RMR ratio,

mid-range LH with mid-range testosterone, low percent body fat, and an EA well below
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recommended 45 kcalkg FFM/day. For the four athletes, protein intakes ranged from 2.0 to

2.8 g protein/kg/day.
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Table1l. Body composition, metabolic, hormonal, dietayynd energy availabilitgharacteristics in ele male track cyclists (n = 4)

Body Protein El EA
Athlete fat (FkF '\)" kcil/'vcliz RMR b/HL :r?]t:;'/LT intake kca:fc'ia keallkg kcj/EdE\ keallkg
% 9 y ratio g/kg/day y FFM/day y FFM/day
1 13.9 67.0 1814 0.92 4 19.8 2.8 4810 71.8 2084 41
2 12.4 68.6 1964 0.98 10 18.7 2.8 4469 65.2 2102 35
3 12.0 64.8 1462 0.76 5 17.1 2.0 3089 47.7 1405 26
4 10.3 73.4 2046 0.97 5 16.9 2.5 4405 60.0 2007 33

EA, energy availability; EEE, exercise energy expenditure; El, energy intake; FFM,-fa¢e mass; LH, luteinizing hormone; RMR, resting metabolic rate; T, testosterone
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Average training load was lower prior to the endocrine and EA assessments (10.9 +
3.2 hiweek) compared toprior to the performance testing (18.4 + 3.6 h/weekTable 13.
Athlete 3 recorded the highest relative FTP and PPO at V@max despite lowest EA.

Tablel2. Training load and performance characteristics in elite male track cyclists (n = 4)

Athlete Training load 1 Training load 2 FTP3/kg PPO at VO2 max
(hiweek) (hiweek) Wi/kg mi/kg/min
1 10.8 19.1 4.7 482
2 14.4 20.7 45 457
3 6.6 20.6 4.9 507

Training load 1, prior to assessments; Training load 2, prior to performance testing; FTP, functional threshold
power; PPO, peak power output; VO2 max, maximal aerobic capacity

*estimated value

3FTP estimated based on the modelled FTP in training peaks

4. Discussion

This paper highlights mid-range testosterone, lowered RMR, varied LH, high protein intake
and sub-optimal EA in a case series of male elite track cyclists. As the cyclists in this small
cohort are categorized as having sufpptimal EA (Mountjoy et al., 2018) it was expected
that the testosterone levels would be higher in comparison to competitive cyclists with
chronic LEA (16.9- 19.8 vs6.1- 24.3 nmol/L, respectively)(Keay et al., 2018)As indicated
by Torstveit et al. (2018) sub-optimal EA status was observed in male weltrained
endurance athletes, with no difference in EA between athletes with suppressed RMR
compared to athletes with normal RMR. However, @hletes with suppressed RMR spent
more time in severe energy deficit which was associated with hormonal imbalances. The
cyclists in this cohort demonstrated less severe reductions in RMR and testosterone than
results reported by Torstveit and colleagueqg2018) Nevertheless, the high training
demands required to compete at an elite level in track cycling and our observations of
reduced metabolic andmid-range hormonal measures, within-day energy deficiency could
be prevalent in our cohort. Within -day energy defciency was associated with higher
catabolic markers(Torstveit et al., 2018) and placesthe athletes at risk of losing muscle

mass which can directly impair performance.

Mitigating the loss of muscle mass for athletes, while in states of LEA (intentional or

not), is important. When in states of LEA, increased dietary protein intake has shown to
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reduce the loss ofFFM with no attenuation in the reduction of sex hormones (Longland et
al., 2016) As determined by a food record,this small cohort consumed equal to, or up to
0.8g/kg/day greater amounts of protein than, the suggested upper range of dietary protein
intake (2.0 g/kg/day) to support normal growth, repair and function. However, it is
unknown if the increase in protein intake was intentional or a consequence of high energy
intakes (Burke, 2001) Thesefindings illustrate a unique situation whereby all athletes
showed mid-range testosterone concentrations, compared to normal physiological ranges
(8.3z233 nmd/L) (Mayo Clinic Laboratories n.d.), and consumed high intakes of protein.
Despite the testosterone values being midrange, all values sat in thesecond quartile of the
reference range. It is suggestive that even lower levels of testosterone may have been
observed had the athletes consumed lower amounts of protein. It also highlights that
overall daily protein intake may not prevent sex hormone imbalances in energy deficit
states. As reported by Longland et al(2016) in men who had protein intakesof 1.2 and 2.4
g/kg/day during a 28-day energy deficit, while performing resistanceand high-intensity
training, does not prevent reductions in sex and metabolic hormones Further investigation

on this premise is needed.

The current study also demonstrates two unique athlete cases (Athlete 2nd 3).
Athlete 2 has the highest LH with mid-range testosterone, and suggestiveeduced testicular
response. Clinical diagnosis of testicular failure would require measures dbllicular -
stimulating hormone , sex hormonebiding globulin and free testosterone (Mayo Clinic
Laboratories, n.d.). Athlete 3 presents with the lowest RMR ratio, protein intake and EA,
and the second lowest testosterone, yet has the highest performance testing values.
Anecdotally, athletes can hold periods of LEA without performance impairment. We allude
that this athlete should be closely monitored to prevent health and performance
decrements. Our findings also demonstrate the transient nature of training volume in our
cohort, with an increase in training load observed after the experimental measures and
prior to the performance testing. It can be speculated that due to an increase in training

load, endocrine function and EA status would be lower at this time.

This paper has several strengths. Firstthe case series involved elite track cyclists
with some members competing at pinnacle events €.g.,World Championships, Olympics).
Second,we highlight findings that add to the limited amount of LEA literature in male
athletes. Third, EA values were determined using measured components, and body

composition was determined using a gold standard method. Finally, high adherence to
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testing protocols was attained by athletes due to the collaboration with the coaches and

support staff. However, we do see limitations in implementing a crosssectional design For

example, it limits any confirmation to causal links, particularly when observingEA and

macronutrient intake and the relationship with endocrine markers. The endocrine markers

were only able to be collected oncethere are limitations to interpreting the results. This

also highlights the limitation of conducting research in an elite population with a small

OAi P1 A OEUAR AT A OEA OAOOOEAOEOA OAOOET ¢ OxETAI
populations. In addition, the measurement of the components of EA are challenging
(Burke, Lundy, et al., 2018 and must be used with caution. For example, selfeported
energy intake can be unreliable. However, the cyclists were welpracticed with providing
food intake diaries from working closely with the high -performance nutritionist. Also, the
lack of a control group restricted comparisons in our measures to norelite, active
populations. Finally, as EA and energy deficiency thresholds for optimal physiological
functioning have not been determined in male populations, categorization was basean
female threshold values. It may be possible that male athletes can obtain much lower EA
without performance decrements. Future investigations in elite populations and effects of
high-performance training on endocrine function, EA, performance and asso@ted

nutritional practices are warranted.

5. Conclusions

The present case series shows, on average, the EAtlis cohort is sub-optimal, with
lowered RMR and mid-range testosterone; and may have withirday energy deficiency,
putting them in a catabolic state. The higher dietary intake of protein may have prevented
the further reduction of testosterone in these athleteshowever, this cannot be concluded
based on the crosssectional study design. Furthermore,EA statusis not an indicator of
performance. This paper provides a brief and insightful summary into the unique findings
of protein consumption and potential , but inconclusive, links to EA and endocrine function

in elite male track cyclists.
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6. Practical Applications

Protein consumption above recommended dietary guidelines may not prevent reductions
in testosterone concentrations when in states ofLEA. Athletes with LEA need to be closely

monitored despite potential improvement in performance markers.
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Chapter6: Mixed-methods Findings

Chapter 6 provides research evidence for the advantages of implementing mixeanethods

to gain greater insights into LEA and elite athletes

This chapter is divided into three sections:

9 6i brings the qualitative data into dialogue to the guantitative data and offers
insights into female elite track cyclists understanding of body image, menstruation,
and nutrition associated with LEA (Manuscript 6).

1 6ii expands on the current REDS model by demonstrating the use of conductirg
mixed-method approaches to better understand the risk to or cause of developing
LEA in male and female track cyclists (Manuscript 7)

1 6iii extends on6ii by providing more evidence of the value in using mixedmethods
in understanding LEA in of elite sportswomen from three different sports

(Manuscript 8).
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Chapter6i: Interviewing Athletes with Low Erergy Availability ¢

Manuscript 6

Schofield, K . L., Thorpe, H., Sims, ST. (2021).Feminist sociology confluenceswith sport
science: Insights,contradictions, and silences ininterviewing elite women athletes about
low energy availability . (2021) Journal of Sport and Social Issues

https://doi.org/10.1177/01937235211012171

Overview : As highlighted in Chapters 2 and 3, the need to understand athletes from a
socio-psychological perspective is imperative to understand the reasos for athletes
developing low energy availability. Chapter6i aims to delve deeper into the lived
experiences of female athletes and the socipsychological influences g.g.,body image
pressures, nutritional practices, menstruation) that may impact the development of low
energy availability. It also shares reflections on the challenges of interviewing women about
complex health conditions such aslow energy availability and Relative Energy Deficiency in
Sport. The writing style (i.e., first-person reflective) is specific to the sociology journal to

which this article was submitted and reviewed

Authors Note: The content within this chapter differs slightly from the published manuscript
in Appendix 1 Specifically, the published manuscript excludes the pseudonym nanbeside

each quoteto keep the anonymity of participants.
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Chapter 6i

Abstract

This paper explores the socieA 01 OOOAT AEI AT OET T O 1 £ Al EOA ObPI O/
energy availability (LEA), focusing particularly on elite track cyclists. With a

multidisciplinary research team (two sport scientists and a feminist sociologist), the project

began with a suite of quantitative measures that identified five of eight women track cycling

athletes categorized with LEA, and three athletes categorized with suboptimal EA. This

relationships with body image, menstruation and nutrition practices, and varied

experiencesof LEA. Bringing the qualitative data into dialogue with the previously collated

physiological data, however, helped us acknowledge the silences and deflection strategies

among those with more severe cases of the condition. Ultimately, this paper offers aginal

ET OECEOO Ai OE ET O AiI EOA OOAAE AUAI EOOOGE O1T AAOC
nutrition as associated with LEA, as well as important reflections on the challenges of doing

interviews with sportswomen on sensitive topics in high-performance sporting

environments.

Keywords: cycling; interviews; low energy availability; silences; sportswomen
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1. Introduction

Relative Energy Deficiency in Sport (RED-S) is a complex condition that has a range of
health consequences involving, but not limited to, metabolic function, immune function,
reproductive function and psychological health (Mountjoy et al., 2018) The underlying
causeof developing RED-S is low energy availability (LEA). This occurs when there is
limited dietary energy available, after exercise training, for normal physiological and
metabolic functions (Loucks et al., 2011While much of the research has focused on
quantifying the extent of the condition within specific sporting and exercise populations,
sport scientists and medical experts are increasingly recognizing the important role of
sporting cultures and broader socid AE OAT OOOAO 11 ObPT 00O0xT T AT 680 O
LEA/RED-S, and their approach to recovery. Recognizing the soci@sycho-physiological
complexities of the condition, sports scientists are increasingly calling for more
multidisciplinary approaches to treat an individual with RED-S symptoms(Ackerman et al.,
2020), and with some exploring the possibilities of mixed-method approaches towards
understanding the complexities of LEA/RED S(Keay et al., 20195chofield et al., 2020)

Over recent years, a few feminist qualitative researchers have developed
transdisciplinary approaches to explore the sociephysiological complexities of this
condition among elite women athletes across different sportingcultures (Thorpe et al.,
2019, 2020; Thorpe & Clark, 2019 ccording to Thorpe and colleagues(2019, 2020)who
AAT PO A TAx 1T AOGAOEAI EOO ADPDPOT AAE QWhiehpoiisO OOAT O
medicine and science scholars and practitioners seem to recognize the importance of
culture onspoO OO x T | AT 8 O A @& OripActing Asks, previalericés Featment,
and recovery: they are largely ill-equipped to explore questions of how culture intra-acts
xEOE AET 11 CEAA ({Thofp®dt & 81D, Q. 2)hdnde Ehd t2éd for more
OOAT OAEOAEDI ET AOU DOI EAA O aulthrél dn@anglkdzeRderieizds O ODT OO (
I £ OEEO (AHorpeleEaD, 2020, p. 10)Building upon this work, we brought together
a multidisciplinary team? two sport scientists and a sociologist to develop a mixed
method approach with the aim to understand the physiological (biological functioning) and
socio-cultural (experiences, behaviours, perceptions and influences) dimensions of elite
xI I AT AUAT EOOOS6 AGPAOEAT AAO T &£ , % &£ AOOEI C 0D/
Zealand. We embarked upon this mixed-method approach with the intention that such an
approach would provide insight into how the athletes make meaning of LEA in the highly
scientized and medicalized context of elite performance sporting culture. Interestingly,

however, this approach revaled an unexpected methodological observation; conducting
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interviews after a series of physiological measures helped us become more aware of some of
the challenges of interviewing athletes on sensitive topics such as LEA. Bringing the
interview data into dialogue with the physiological measures helped to reveal some of the
silences and deflection strategies being utilized by those with more severe cases of the

condition.

417 AAOAR T EOOI A EO ETT x1 AAT OO OEA AOOTI AEAO
concepts of body image, menstruation, nutritional practices, and high-performance culture.
A4EAOAE OAh xEOE OEA AEI O O1 AROOOAT A Al EOA AOQdI
semi-structured interviews alongside a suite of quantitative measuresi(e., dietary intake,
exercise energy expenditure, and body composition). Interviews revealed varying
understandings and experiences of issues relating to RES, including nutrition,
menstruation, injury and illness, body image, health, and pressures within a igh-
performance environment. Adopting a combination of inductive and deductive analysis, the
OEAI A0 ET OEA ET OAOOEAXxO 1 AOCAIT U I EOOI OAA DOAOI
experiences of disordered eating practices and the pressures in higberformance sport
environments (Chapman, 1997; de Bruin & Oudejans, 201&lowever, bringing the
ET OAOOEAx OOAT OAOEDPOO EIT OF Ai1T OAOOAOETT xEOE OIF
lived experiences of the various elements of LEA are significantly impacted by their past
and present experiences of the condition. Most significantly, those currently experiencing
LEA were the least willing to speak to these issues. This observation thus offerhée
important reminder that sportswomen may not want to openly share their experiences
about such sensitive topics, particularly if they are in high-stakes environments and/or are
in stages of denial or not yet willing to consider behavioural changes. It wa only in
bringing the physiological and sociological data together that we recognized the layers of
silences and contradictions in athletes currently experiening LEA, and the willingness to
share by those who had recovered from the condition. Thus, thigpaper offers original
ET OECEOO AT OE ET O Al EOA OOAAE AUAI EOOOG O1T AAOC
menstruation, and nutrition, as well as important reflections on the challenges of doing
interviews with athletes experiencing complex sociepsycho-physiological health conditions
(the result of dynamic relationships between the sociecultural context, athlete psychology
and physiological and biological variables) such as LEA. Ultimately this paper highlights the
importance of paying attention to the silences and nuances in interviews, and exploring
mixed-methods approaches for making deeper meaning of what athletes are (un)willing or

(un)able to say during interviews.
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2. Literature Review: Quantitative and Qualitative Research on Rlative Enegy

Deficiency in Sport and Low Energy Availability

Research has consistently shown that athletes who participate in endurance sports.€.,
long distance running, triathlon), aesthetic sports (i.e., ballet, figure skating, gymnastics)
and weight-restricted sports (i.e., weightlifting, lightweight rowing) are at greater risk of
developing REDS(Logue et al., 2020; Mountjoy et al., 2014)The athletes involved in these
sports may experience large energy deficits due to the duration ofraining, and/or take part
in disordered eating behaviours to maintain a particular body composition or to make
weight for competition. While both increase the risk of developing RED-S, the psychology
of the recovery process is considerably different with he former resulting from
unintentional under -fuelling, and the latter more closely aligned with the socio-
psychological practices of disordered eating. While REES is a health condition affecting
both men and women, most of the research to date has focusedn women as the REDS
model expands on the femalespecific condition called the female athlete triad (De Souza,
Nattiv, et al., 2014) To understand the complex nutritional and psychological dimensions of
LEA, we also drewupon literature that has focused on body image and disordered eating

practices in recreational and elite sport contexts.

Both psychologists and sociologists have explored athlete experiences, perceptions
and pressures of bodyweight and body image within sport, explaining how such
expectations may contribute to unhealthy or normalized thoughts and practices within
high-performance settings(Chapman, 1997; de Bruin & Oudejans, 2018; Krane et al., 2001)
For example, Chapman(1997)interviewed eight female light-weight rowers competing at a
national level to reveal many pressures within the elite rowing culture that contributed to
OEA xi 1 AT 80 AEAOGETI C Al A xna§eGsiuds. Debplieihe présbufe® EAA O
from within this high -performance environment, the athletes tended to individualize these
pressures with few recognizing the broader culture as being problematic and part of the
problem. Adopting a feminist cultural studi es framework, Krane and colleague$2001)
conducted focus group interviews with ten women exercisers and eight athletes to
understand the perceptions around body image and how eating practices and patterns
related to these body perceptions. For both groups, the balance of exercise and dietary
intake was constantly monitored and controlled, with food as a reward for exercise, or
exercise as a punishment if the women felt they had eaten too much. Another important

AT 1T OOEAOGOETT O OEEOCOHET I ABOPDED AEOA{ ROADBEAS AO!
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OEA OAEAOO O1 AO T AAOOOET C fleduted €nergyiintaldelandA OET AOA

OAAOAARAA AT AU 1 AOO AAOPEOA EECE DEUOEAAI DAOA OI
To date, few scholars explored the relationships between body image and

disordered eating with LEA. A notable exception is the work ofThorpe and colleagues

(2019)who examined the unique relationships between the bological and socio

psychological experiences of sportswomen in different sporting cultures. In so doing,

however, they themselves acknowledge the challenges of bringing the quantitative and

gualitative into dialogue. As sociologists trained in qualitative methods, they recognize

their capacity to engage rigorously and critically with physiological data as limited. This

paper extends the work byThorpe and colleagues(2019)by bringing together a

multidisciplinary research team, and using physiological data to help further contextualize

the socio-cultural experiences (as well as silences) in athletes with varying levels of LEA.

3. Method: Rethinking thePossibilities andLimits of Interviews with Low Energy
Availability Athletes

This paper comes from a larger multidisciplinary project in which the first auth or (a sports
scientist) worked with another sport scientist and sociologist to investigate LEA among
elite track cyclists. Although research team members came to the project from different
paradigms (positivism and critical) with divergent ontological and epistemological
assumptions, we came together with a shared feminist recognition of the maledominance
of sport science and the importance of trying to find strategies to work across the
AEOAEDPI ET A0 OI AAOOAO O1 AAOOOA alk expetidnced bridD1 AGE O
ultimately to improve the conditions of their sporting careers and lives. While some have
expressed concerns about the challenges of working across disciplines with different
paradigmatic assumptions(Evans, 2014; Markula, 20199thers are much more optimistic
about the possibilities of such approacheqEvans & Davies2011; Heywood, 2011b, 2011a,
2017) Working together on various other projects, we have spent five years building
relationships within the team. Over this time, we engaged in an ongoing process of
guestioning some of our disciplinary assumptions and aken-for-granted jargon and
vocabularies, coming to respect our paradigmatic differences as well as points of overlap
and intersection, and ultimately seeing the varied strengths we each bring to this work.
Thus, we approached this particular project with a willingness to embrace the tensions,
guestions and doubts that emerged as we proceeded always with a feminist ethic of care

and compassion for our differences at the intersection of sport science and feminist
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sociology. The first author led this project with the second and third authors encouraging,

questioning, and supporting the entire process. This paper does not focus on these

processeqsee Thorpe et al., 2020)but rather the findings presented herein are the result of
thismulti-AEOAEDI ET AOU Z£ZAI ETEOO APDPOT AAE O O1 AAOOOA
LEA.

Ali AT AAOO T &£# OEA xT 1 AT60 .: Al EOA AT AOGOAT AA
to participate, with eight women (age range 1830 years) agreeing to both the physiological
measures and interviews. All athletes identified as NZ European. Pseudonyms are used to
protect the anonymity of the athletes. Written informed consent was obtained from all
athletes prior to participation. The project commenced in the familiar ontological and
epistemological territories of the first and third authors. Blood tests, resting metabolic rate
(RMR), full-body composition scans and food and training diaries were conducted to
measure individual athlete energy availability. Energy availability status was categorized
based on values of <30, 3@5, >45 kcal/kgfat-free (FFM)/day, as LEA, sub-optimal EA and
optimal EA, respectively(lhle & Loucks, 2004; Loucks, 2003; Loucks & Thuma, 2003pf the
eight female athletes, five (63%) were categorized as currently meeting the criteria of
having LEA, and three (37%) were categorized with sutpptimal EA (SO-EA). Although this
paper focuses on the interview findings, the physiological measures that were used to
classify the athletes with LEA were important in helping us make sense of the intenaw
data, particularly in how athletes responded differently to particular questions according to
their current and past experiences of LEA. For the purpose of analysis, interview findings
will be discussed between these two categorizations emerging from té physiological data:
LEA andSO-EA

Guided by the expertise of the second author, we were also interested in exploring
the socio-cultural experiences of the athletes. Semistructured interviews were thus
conducted after the first round of physiological measures were conducted. The first author
had training in qualitative interviewing, including mirroring an experienced sociologist
interviewing on similar themes. With the support of the second author, a semistructured
interview outline was developedto addd A OO OEA OAOAAOAE NOAOOEI1Td O7
experiences with- and knowledge of LEA/RED-3 E1 Al E OBe sénbdfuchirédd Oe 6
outline was prepared to guide the interviewer and for consistency across the interviews, but
also to allow for expansion and diversion of related topics. The interviews consisted of 28

guestions and covered topics in the context of REBES such as menstruation, body image,

148



Chapter 6i

nutrition and injury/illness. These topics were chosen as they had been previously
identified in the literature as key markers of LEA (i.e.lack of menstruation, injury/iliness,
Mountjoy et al. 2014) or can cause LEA (i.eabnormal eating behaviours, body compaosition
perceptions for sport performance). In addition, the interview covered topics related to the
high-performance environment, such that relationships with team-mates and coaches, and
performance pressures, could be explored. After the first interview, the order of questions

was changed to improve the flow of the discussion(Braun & Clarke, 2006)

With ethical approval from the University of Waikato, all athletes were interviewed
by the first author, a white NZ European female and exelite track cyclist. We acknowledge
the important role of her professional career as a track cyclist as enabling access to this
sport and the rapport she developed with the athletes, some of whom she had trained,
travelled and competed with in the past. The first author had previously spoken publicly
about her own experiences with this condition, and we understand that this is likely to have
ET £ OAT AAA T17T0 TT1U OEA OPI O00OxT 1 AT80 xEIITETCT /
within interviews. All interviews were audio -taped, conducted individually and face-to-face
at a place chosen by the athlete. Athletes were reminded of the study aims and their right
to refuse to answer any question or withdraw at any time. The interviews lasted
approximately one hour, depending on the willingness and engagement of the participants.
As we discuss below, it was only when interview findings were brought into dialogue with
the physiological data, by the classification of LEA, that we observed that the willingness

and engagement of the athletes dunng interviews correlated with their LEA status.

All interviews were transcribed verbatim by the first author. Data were analysed
following the thematic analysis phases by Braun and Clarké2006): familiarization with
data, code generation, searching for themes, reviewing themes, defining and naming
themes, and final analysis. Our thematic analysis was both inductive and deductive in that
key themes from the literature explicitly guided our interview guides and analysis, but
always with openness for the unexpected to emerge. The data were categorized into three
overarching themes: (i) body image, (ii) menstruation, and (iii) nutritional practices.
However, as the nature of LEA is incredibly omplex and interconnected, we also observed
considerable overlap and interweaving of these themes. Importantly, it was in the second
stage of analysis in which we considered the LEA status of the athletes that we identified
some of the silences by those cuently experiencing this condition, and some of the

ongoing struggles and key learnings by those whihnave SO-EA. With a particular focus on
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understanding the silences, tensions and contradictions within the interviews, the first

author returned to the audio files with a feminist conversational analytical approach(Speer,
2005), paying particular attention to uncomfortable moments and deflection techniques

(i.e., humour, speaking of others rather than self). This returning to the audio files, as well

AO OAOAAOAE OAAI 60 rAindodied menaresd thenteAidiedT A OE A
encouraged a secondary line of analysis in the data, focusing less on what was said, but

rather how it was said (or avoided). In so doing, this paper illustrates some of the

challenges and considerations for researcherdoing interviews with athletes at different

stages in their experiences of, and recovery from, LEA.

3.1 Feminist ethics and the sensitivities and silences in interviewing athletes with LEA
Scientific research on LEA and REES rarely includes the lived eperiences of athletes

themselves, and thus we came to this project with a feminist understanding of the need to

AOAAOA OPAAA &I O xT 1 AT60 O1T EARAO8 $AOPEOA AAOECI

experiences of LEA and REES and navigating space for the experiences and insights
within an otherwise highly scientific study, we also recognized the challenges for athletes
speaking about such sensitive topics. As Ryaflood and Gill (2010)write in their book,

Secrecy and Silence in the Research Progass cannot assume that by creating safe spaces

Al O xIT T ATO0 OIEAAO OEAO OEAU xEiI 1 HEAAI fteAT 1 £l OO/
EAO/
1T ETAAO j ATA 1 EAAOAOGIT OU qRy&nIFIOON & GIHEDDILD, p. D)Asisdkie AA O

TTOETTO T £ OOCEI AT AAh OAAOAAU AT A T1EOOEITS
scholars doing research with women with disordered eating practices (i.e., anorexia,

bulimia) have shown, encouraging women to speak about such sensitive subjects can be
extremely difficult due to stigma associated with the condition, as well aswomen in varying
stages of recovery (i.e., denialjde Bruin & Oudejans, 2018; Tan et al., 2014)hose working
with athletes with eating disorders have similarly revealed how some athletes can baulk at
the possibility of discussing their health, particularly in a high-performance environment
where there may be consequences if such information is reveale(see Tan et al., 2014)

While female athletes are increasingly speakig out publicly on their experiences of REDS,
they tend to do so after they depart from elite sport(see Cain, 2019)The challenges of
speaking about such sensitive subjects are heightened when athletes are still living, training
and competing within the hierarchical and competitive elite sport environment, where
OEAOA AOA Al xAuO Al 1T AAOT O QGHuddmpbmigeithgii AOET 1
position on a team. For example, an athlete may not disclose information on abnormal

menstrual cycles, disordered eating practices, or body image issues for fear of being deemed
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OPOi Ai Ai ABGEAS 1 O OAO OEamkksdectidr that canBeAddaEk DA | EOO |

funding or security of being in an elite programme.

Drawing upon feminist methodological reflections on the challenges of doing
qualitative research with those with complex health conditions, and particularly disordered
eating practices(Holmes, 2016; Saukko, 200Q)we see parallels in the sensitive subject
matter of LEA and REDS, patrticularly when discussing menstrual function, body image
and dietary eating habits. These topics can put athletes in a vulnerable position. As
researchers, we adressed ethical and methodological considerations by obtaining approval
from the university human ethics board and the national sport organization, athlete
consent, and maintaining confidentiality and anonymity (Tan et al., 2014) Further than
this, we developed a feminist approach in working to build trusting and respectful
relationships with participants and create a safe space where they might feel willing to
share their lived experiences. Despite such efforts, there were a few notable tsions during
the interviews, and when we returned to these audio files, in dialogue with the first level
themes and physiological data, we noticed some silences and deflection techniques being
used by some of the athletes. It was only when reading the trascripts alongside the
classification of LEA that we came to understand the varying levels of willingness, even
capacity, of some athletes to speak to aspects of their relationships with their bodies,
health, and performance. This led us to an important seondary line of questioning in our
AT AT UOGEOYd (1T x AT xA OOAAAG OEA OEI AT AAO ET 1060
those at risk-of or recovering from LEA, articulate their experiences in different ways
depending on their stage of recovery? In payig attention to these questions, we learned
that an athlete deeply immersed in the LEA experience, may be highly secretive or in
denial, such that even the best interviewer may be limited in what they can come to know
through such methods. As we illustratein the following analysis, while the voices of
athletes with (or at risk of) LEA are important, so are the silences and uncomfortable
tensions. Indeed, such silences and sefprotection strategies (i.e., humour) have
implications for researchers using interviews as a method for understanding the
complexities of athlete experiences, and strategies for supporting them towards improved

health.
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4. Discussion: Reflections arfdlences ofHite Women CyclistsExperiences of

Low Energy Availability

In this section we present three key themes from the first phase of analysis, includingi)

the athletessD AOAADOET 1 O T £/ DPOAOOOOAO AT A -AGPAAOAOET T O
DAOAI O ATl (A Andlersfaihdids lof menstruation in the context of high -performance

sport and health, and (iii) relationships with food and nutrition. Throughout these themes,

we note how athletes with different health status and experiences of LEA responded to

particular topics. We then conclude with some reflections on how the athletes interacted

and engaged within interviews differently depending on their current and past experiences

with LEA, and implications for researchers and health professionals doing interviews with

athletes with (or at risk) of complex socio-psycho-physiological conditions.

41¢KS WENIBNXYI yYyOSQ o02Re

Within a high -performance sport environment, the emphasis to improve body composition

is generally linked to enhanced performance. As Heywood2011bjand others have

explained, inanAT EOA AOEI AOEA AOI OOOA OEAOA EO A AT i 1711
DA O Al O{pARsA Kk dur study, the majority (n=6) of athletes described their ideal body

O AA O&EZEO6h OEAAI OEUS8h OfI OOAI U TO OOOOITCEh
athlete with SOEAh xET EAA A@PAOEAT AAA , %! ubtkindoEA DBAOOhN
xAT O 01 AA E£EO AT A EAAI OEUS j2AAEAI q8 4EA AEOA(
looking like an athlete (i.e., muscular, athletic) and free of illness and injury. However, a

AAT OOAT EAAA O1T AAOPEIT 1 Epe@l ERAT OFEEAD AU AE G AGH A ERJA
OEAO AT AU Z£ZAO EO OAAA6G8 4EOI OCET OO ET OAOOEAXxON
&1 O AgAi bl Ah Al OEi OCE OEA AOEI AOGAO AEA 110 Al bl
DAOAI Of AT AA6h OOAOQI A (htAdterBions diaeiof thelaBldeBOEAx O EECI
experience when increasing muscle mass while not putting on fat mass. As explained by

ITA , % AOEI AOAgq O4EAOGO0 Oii AOCEET ¢ OEAO ) 1TAAA
think in the process lalsoputonfatad x Al 1 AT A ) Ai 1860 xAT O AO 1 OA
OEAO ET 1TU I ETAnh AOO EOBO EOOO CAOOEI ¢ OEAOA E
athlete is suggesting that she wants to add more muscle while avoiding fat, and

acknowledges that putting on any weight? even muscle is difficult despite knowing that

it is advantageous for performance.

In a sport where strength is an essential criterion for performance, some of the

athletes admitted to personal struggles letting go of preconceived feminine idealshat
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present weight gain as something to cause concerfKrane et al., 2004) But all of the
athletes (n=8) viewed a gain in body weight as acceptable if it was due to increases in
muscle mass compared tdncreases in fat mass. Furthermore, improvement in body
composition was focused more on gaining muscle mass instead of reducing fat mass. For
example, three athletes positively discussed that they have increased muscle size due to
their involvement in resistance training with the aim to improve strength and performance:
5) 5OA Ci OOAT A 1710 AECCAOR ) xi Ol A OAU A 1106 i1
ECO8 AOO )G60A POO 11T A 110 1T £ | OGBEM Fohtioth 1 U 1 O¢
of these athletes, these increases in weight/muscle were a sign of training gains, and thus
something to be celebrated. For some, achieving a leaner body type was viewed as getting
fitter and healthier. For example, Rachel SOEAQ A @Bi1 AET AAd rddgamdi[l E x E AT
the elite program] my skinfolds were like 1200mm], and then | got them down to 80mm
yOOI 1T &£ B OEEIT A1 AbGe8 31 ) A£AAT T1EEA )8i A 110
xEEAE EO Ai 1188 $AOPEOA ETAMAEIGA AN AE AXBON AN EONEGBEN (
EA) has experienced LEA in the past and thus is aware of the performance risks of
AAAT T ETC O11T 1TAAT g O) Aii1860 xAT O O6i pPOOE EO OI
DAOAI O AT ASOEA} 2 AAEAT h
Similar to previous literatur e that has shown the challenges some elite women
athletes experience between the bodily expectations in highperformance sport and society
more broadly (Krane et al., 2004) half of our athletes had body image conflicts and
struggled to come to terms with the athletic high-performing body required for optimal
performance. For example, one female athlete who had previously recovered from LEA, but
was currently SO-EA, openly shared her experiences with past and present body issae
(self-conscious of body weight) and menstrual irregularities. Recalling her previous
AoPDAOEAT AAO xEOE , %! hAIOEGBA Rig®0O AENT R AGQETOPC EA O) OAA
time of the interviews, she understood the need to increase muscle mass tperform well on
OEA OOAAEhR AOO OOEI1l DOAEAOO OI AA 1 ECEOAOG O)
AT T OOOOAOEOA OET OCEO8 ) DOTAAAI U 11T O0A 11 O0A OI A
Continuing, she adds:
| am still self-conscious of the weidnt... | wonderif theyOEET E ) 81 AEC | O E,
OEAU OEETE )B80A OO I1 xAECEO8 "O0O0 AO OEA <
commenting how well | am going in the gym and on the track. So here it

is definitely like a mental battle. | want to be a good track athlete andl
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ETTx OEAO i AAT O EAOET GC i1 OA 1 O00AT A AT A AAEI
fu 1T6i AAO TTA ¢ci Al AT A OEAOBO xEAO ) EI CIEI

clarity; emphasis added).

4EA PAOAADPOEIT 1T £ xEAO 1 @&EdialyedimitésAndOET OCEO j O«
coache® of her personal appearance conflicted with a new understanding of the

importance of muscle mass and strength for performance.

Similar to research by Chapman(1997)that highlighted the tendency for female
athletes to internalize body image pressures from the sporting environment, some of our
participants described pressures coming from themselves (n=3). Two LEA athlete=xplicitly
OOAOAA OEAO OEAU AOA OEA TT1U TTAO POOOET ¢ DOAC
DPOAOOOOA EOT1I AT UITAR EOGB8O i1 OA EOOO 1 UOGAI £ AT 4
j 4A0UT qn OSAEETI EOAI U 171 DOAOOBDIAGIAON, IAQAET &l O
AEO T £ DOAOGOOOA 11 OEAOh bPi xAO O1 xAECEO EO A
AT 1 O0OAOO Oi OEA | ECE O «8m)guy thedite thack Oyclistd were EADT AT 6 (
not required to meet a specific weight, but they were similarly exposed to weight
surveillance measures such as regular skinfold testing. For some athletes, constant
calculation of their skinfolds and correlations to performance were internalized such that
they put high levels of pressure on themselves to have a good power to weight ratio, but
xEOET 60 AAAET ¢ AT U AAAEOEITT Al EAOG8 &1 O AgAl bl Al
AA OEA AAOO OAOOEIT 1 &£ | Abelaw 180mdEkin®Ild orozeieT ¢ OT
iU TEZA y1 AOGCEOGe AT An ) AOTTiTh AO 117T17T¢ AO ) Ai
i TOA 1 OOAT Ah OEAOGJSDE®) Ih thishiquoteEve seOmpi@blejuncértAiiyA h
and hesitation, including uncomfortabl A 1 AOCEOAO AT A NOAOOEITEIC jC

I

OOECEOedq8 !'11 OEAO AOEI AGA OPT EA AAIT 6O Al i1 ETC |
abroad during which she had lost a lotof weight, and even though she perceived the result
of the recent skinfold test as positive, the mention of the testing still evoked nervous
laughter:
I knew | was lean but I thought | was the same, and now putting on the
xAECEOh 1T EEA ) EAOA pPpOO 11 & EcCcO8 )B80A pOO

muscles have grown, and | know this becaus we did skinfolds last week
y1 AOCEOe AT A 1 EEA OEA cui AT AAE ATi i1 AT OAAR
(Natalie, SO-EA).
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As seen in these examples, and various others during this study, in moments of discomfort
during the interviews, when athletes felt they were entaing challenging conversational

terrain, they laughed as a strategy to lighten the discussion.

Interestingly, discussions of weight and skinfold tess were a regular point of
tension within the interviews, with athletes expressing clear signs of discomfort when
talking about these invasive bodily testing techniques that were often shared with the
group. One of the athletes acknowledged the problematic rmature of such testing and took it

upon herself to challenge some of the ways the athletes bodies were being talked about:

I think for some of the girls, getting fat squeezed is pretty invasive and

uncomfortable and | think people really hate doingit. 1dol 8§ O OAAI 1 U AT EI

(@}
o
O o
(@]

EO AEOEAO AT A EO OOEIT [T AEAO T A A AE
people in the squad now and previously who have become obsessed with
skinfolds and tried really drastic things to reduce them, even recently.
Every now and then,somA 1T T A ET OEA CcOI Obp xEI 1 OAUh OIE
lookingrealleano ) 611 DHOI 1 OEAI AOEAA yAde ) AIT180
thing to say as you know that they are not losing weight in a healthy way.
$1 UT O OEETE Ul O AOA Al Al Obyeghinbype OEAOe !'T A
)y OEI O1I AT60 EAOA OAEA OEAOS6 j wl EUAAAOGER , %!
Such comments highlight some of the strategies the athletes use to protect themselves and
other athletes from the body image pressures that are rampant in any higkperformance

sport environment. Furthermore, such comments are a powerful example of some athletes

resistance to the culture of body talk common in many elite sport environments.

4.2 Menstruation

The perception that menstruation has negative impacts on training and sport performance

is common amongst female athletes. As found byMartin et al. (2018) 77% of female

athletes not using hormonal contraception reported negative side effects during menses,

and one-third of marathon runners reported that their menstrual cycle impacts their

training and sport performance (Bruinvels et al., 2016) In contrast, some of the

sportswomen in our study discussed neutral or positive experiences of having their period

during trainin g or competition. As explained by Natalie SO-EA): 0) EAOA EAA OI i A O
CiTA PAOA&I Oi ATAAOG xEAT )B80A EAA EO ybPAOEIT Ae Ol

bl OEOEOA OEEI ¢ A& O iU Ai Au AT A A DPi OBOEOA OEET ¢
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EAOA EO AOOEI ¢ OAAET ¢86 (1 xAOAOh T OEAOO OEAxAA
AT1TTUATAA TO A AEOOOAAQGEITY O) AIT80 OEETE ) xI
CIlTABEO EO EOOO A AEO i1 OA AAI ET BA).ResaCAIT AT Oe ¢
views are in concordance with comments from elite female rugby players in a recent study

by Findlay et al.(20200h ET xEEAE AOEI AOAO bOI Al AEIi AA OEAO i
Al OA OEAO Ui O EAOGA O1 x1 OOU A Athléed,dn the ugenté 8 ) O |
project, using oral contraception would opt to manipulate their period by skipping the birth

AT 10011 OPEIT Al AAAG EZ OEAEO PAOET A xAO OI [EAI

has shown this to be a frequent practice bysportswomen (Schaumberg et al., 2018)

Research has shown that irregular periods and menstrualisruption are common in
elite female athletes. In a recent study of elite rugby players, 47% reported previous
menstrual irregularity (Findlay et al., 2020). Similarly, in our study, half of the athletes
experienced irregular periods. When prompted, the dhletes described the potential causes
of their irregular menstrual cycles with self-identified weight loss (n=2), an increase of
training load/intensity (n=3) and/or external stress (n=2). For example, one LEA athlete
OAOAATI AAd O) 8 OA 1T ADAOD EGREI Me FCT B G ORLIOU -DEA [ 1 00
iTT GEOh AOOG ) AT OI A Al xAUO DOO EO w1100 1T &£ 1 AT «
(Hayley, LEA). Similar beliefs that amenorrhea is a natural side effect of weight loss or
heavy training wasillustrated by Miller and colleagues (2012) Of interest, the physiological
measures and interviews combined revealed that menstrual irregulety was occurring in
sportswomen categorized as both LEA an@GO-EA, thus demonstrating that menstrual
disruption is individualized and variable (Lieberman et al., 2018)Natalie (SO-EA) found
direct correlations with the change in body weight and training in response to her
i AT OO0O0OA1T AUAI Agd O31 yET OEA OI AA AUAI ET ¢ OAAOQI
xAT O ATl x1 AT A UAAER ) EOOO AHavekommdbackhoBracEO y DPAOEI
[cycling], my endurance miles has decreased and my body weight has increased, but mainly
i OOAT A i AGOh AT A )&8i CAOOEI ¢ iU PAOEI A ACAET 86
were nervous discussing menstruation, Natalie openhdiscussed the ongoing menstrual
cycle issues that she has experienced throughout her cycling career, and her efforts to

become educated about the importance of having a menstrual cycle as a marker of health.

Although the majority of the athletes in our stu dy viewed menses during training
and competition as inconvenient, half thought having a period was a good sign of health.

For example, one of the naturally (without hormonal contraception) menstruating athletes
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Agbl AET AAd O) £ UIT O IADAT @ ADICES @A UE OO ®GRAW EA BA £DO A
EAOA OEAO ABOOA AT Aocu O1 1 AT OOOOAOAR AT A EAE Ul
OOUET ¢ O1 OAOA AT AoOcCcuUd j (AUI Auh , w'' n AAEOAA A ¢
comment, laughing to lighten OEA OAT OEi1q O!'E ) OEETE EO yEAOE
ET AEAAOQOEIT EZ£ UI O AOA EAAT OEU 10O 11 06h AAAAOOA i
AAT 80 EAOA AAAEAO AT A UI 6O AT AudO 1 EEA OxEAOGB8O
babies! [lauC E ET Ce & S®-ERAA SuEhkcbniments suggest the partial knowledge that

AOGEI AOGAO OAEA Obp A&OI I AAOAAOGEITT ETEOBAOEOEOABAI

messaging that is building in sport, but in their own distinctive ways.

Similarly, athleteO T 1 ET Oi 11T Al AT 1T OOAAAPOEIT j1KnQq 1E
Al AAAq &£ O OEAEO 1 AT 6A1 EAAI 6ER O O&l OOE6 OEA
CAO EO ybPAOEI Ae ) EAAI 1 EEA EO8O0 A Ek&OE 1T £ [ U
CAOOET ¢ EO O1 ETIT x AOAOUSDEEICHerEiderpe@El 1 xT OEET C¢
i AT OOOOAOGEIT AO A OATEAZER T1 06 01 EAOA O1 OxIi 00l

uird ET1Tx8 EO8O0 NOEOA CiiT A OF GCAO BOBEODxEBAEAO |/
(Kelsey, LEA). Collectively, the athletes held a sense of relief when they menstruated,

however, there was an apparent distinction in the reason for this response between athletes

categorized with LEA andSO-EA. Athletes categorized with LEA focused on the possible

consequences of not menstruating (i.e., pregnancy) and were confused as to why they

AEAT 80 1 AT OOOOAOAR xEAOAGEATobUSIEd oA DdpOssiBléiokA CT OE U A/
I £ ATET ¢ £0O0OOA AAI ACA Ol ageslAéiatehistaktE Bodyga O) £ ) ¢
AEOh AT A CAOOEiT C 11 AAO AO xAli1h ) Ai180 xAT O OI
(Natalie). Interestingly, two of the SO-EA athletes had past experiences with symptoms

relating to LEA, and consequently mayhave a greater understanding of the scientific

research that details the consequences to longerm health.

4.3 Nutrition

Much of the research on athletes nutritional practices has utilized questionnaires
(Haakonssen et al., 2019lartin sen et al., 2010; SundgeBorgen, 1994) In so doing, some
researcters have opted to use validated questionnaires previously developed for eating
disorder populations (e.g.,Eating Disorders Inventory; EDI). Others have used interviews
with athletes suffering from eating disorders (see Arthur-Cameselle et al., 2016)lo date,

few scholars have interviewed athletes (with no psychological eating disorders) about thie

157



Chapter 6i

eating practices or views of nutrition for health and for performance (Krane et al., 2001)or

the relationship between nutritional practices and LEA (Thorpe et al., 2019)

Athletes often reflected on the relationship between performance and nutrition
iTKRqd O) £ ) AAOG Oi i AOGEET C AT A EGsethdnEAO 1 A EAAI
should, or worse than a normal human being would about that. Because, like again the next
day, | will have to go and train or go and perform, [and] experience the consequences of
xEAO ) 6 OA A BadEh). Many of the GtAldtdS Axbresseddelings of guilt for eating
DAOOGEAOI AO AT A0 OEAO | AU Adyg., ddcdutehit pidzdweleO OAAAC
both mentioned). This is similar to the guilt experienced by female exercisers and athletes
by Krane et al. (2001). Also, similartor OAT A AT A Ai 11 AACOAOGE AEIT AET C¢O
athlete balancing the relationship between eating and exercisegnly using nutrition as a

reward for training:
)y AAT AAO AEOAO A AEC OI AA OEAAR ) Al £EETA
All ) OAAITT U xATO6G 01 Aih EO EOOO AAO8 " OO -
EOT COU TO ) Ai180 OEETE ) AAOAOOGAA EO y AT/
(Taryn, edited for clarity).

A4EA AOEI AOGAOGS AAT EALE OEAO AT A xAO O AA OAxAO/

exercise is problematic, and potentially a contributor to this athlete being in an LEA state.

Others discussed limiting energy intake (in particular, carbohydrate) if their training

OAAOAAAd O5ih ) x1 OIA AAEZET EOCAT U TEIEO T U AAOAC

(Sophie, LEA). This practice was implemented to prevent increases in body weight (or

potentially fat mass). Although we only had two athletes (SO-EA and LEA) discuss reducing

energy intake to prevent weight gain when training loads had been reduced, previous

research has shown this is common practice in women road cyclists (76%Haakonssenet

al., 2015hnd light-weight rowers (Chapman, 1997)

Interestingly, it was only one of the athletes in our sample who openly admitted to
being body-conscious and highly aware of her éetary nutrition. Categorized as SO-EA,
. AOAT EA DOI Al Adarisdlolsyselfognsciduis and ii dé lite to feel lean and | do

1EEA O AA AO 1 U 1ECEOAO xAECEO 11 OEA AEEA8 " (
| will always choose the right OEET Ch AT AO OEAO | AEA OAT OAe %OAIl
AAx Bl O1T AOGh ) ETix EO EO CiEIC O 1T AEA T A A AA

athlete who has experienced LEA in the past, but was lowisk at the time of this study,
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Natalie was the only athlete to speak openly about her challenges with body image and

nutrition.

In some cases, athletes who had previously experienced the negative consequences
of LEA appeared more willing to share their past experiences of disordered eating praces.
For example, one of the athletes (RachelSO-EA) recalled a difficult time in her career as a
result of disordered eating practices. We share the following extract as it reveals the subtle
prompting that was required by the interviewer to encourage that athlete to expand upon
xEAO OEA T AAT O AU 110 AAOGET ¢ ODPOI PAOI Udd

Interviewer: Has there been a time in your life when you have had an

unhealthy body?

Rachel9 AOh EO xAO xEAT ) xAO ET !''i AOEAA AT A )
came back and then I was, likek O1 OEOAA AT A Ai1 OEIT 1T A1 AT A

train

Interviewer: And is that when you fell into RED-S?
Rachel9 AOh UAAES

Interviewer:! T A Ol xEAT Ul &6 OAEA Ui &6 AEAT 86060 AAO b
OEET CO OEAO Ui O xAOAI 80O Al EI Ce

Rachel:l think | was comparing mysel/E O OEA OT AA CEOI O AAAAOO
ATTA A EOCA OI AA OOACA AT A ) xAO OEET EEI C (
TTO ITEEA OEAO AO Ailh ATA ) xAT O O1 AA 1 EE!
EAADPO T £ xAOAO AAEI OA T AAT O O1 "6 AEAT 60 £&EA}
eat enough. | would go to bed hungry and wake up in the morning and

not eat enough again, and then | kind of fell into a hole and | came back

AT A AOGAOUITA xAO 1 EEA OxT AE Ui 6860A O OEETI
OEAT EO6h TEEA ) AOITI yCECCI Aes

Interviewer: How did that make you feel when people said that?

Rachell7 AT 1 AO EAEO0O0O ) xAO 1 EEA O E OEATEO6Hh A
AAOOAT T U ¢TI EITC O OEEO OEGEO 11T x O OEEO EC
xEAT OEAU OOAOOAA OAUEMjBtkinddflike..UT 08 OA OT OEE
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Interviewer: Do you think if you were that skinny but training well, do

you think you would have continued using that nutritional practice?

Rachel:Yeah probably butthen I feel like | would have gone into that

hole again further on.

The comparison between road and track cycling disciplines, and different body

composition and nutritional practices across the sports, was a common theme across many
of the interviews, thus highlighting differences in body ideals, norms and values within the
two cycling disciplines. As this excerpt also illustrates, even when reflecting on past
experiences, the athlete was uncomfortable disclosing her past relationships with food and

disordered eating practices and tried to lighten the conversation with outbursts of laughter.

Previous research has evidenced how comments by coaches and friends influence
AOETI AOAGS OAI AOGET T OE E §SdndgoEBorgen A99H) BneAthldte il T AU E T A (
our study expressed her embarragaent by a prevous coach who had publicly analysed the
food on her plate. During the interview, it became clear that such comments continued to
AEEAAO EAO OAlI AGET T OEEDP xEOE A&i 1T Adg OxEOE Oi i A 1
removed for anonymity] was the worst. He would analyse every plate that came past and
EA8A AA T EEA OOEIOI A UIT O AA AAGETI ¢ OEAOed AT A )
OEATEO & O i AEeic¢c T A EAAT Ai AAOOAOOGAA ET ££EO1T 10
same athlete noted hav another coach had caused damage to other athletes through such
DOAAOEAAOGY O9AAERh ) 1 AAT yOEA AT AAEe DOI AAAT U 1
lot of [the comments] fuelled a lot of [a teammatee EOOOAO88 &Ax 1T &£ OEA AOE
directly about the influence of current coaches or support staff, instead referring to what
OEAU PAOAAEOAA O1I AA OAAA DPOAAOGEAAS ET OEA DAOC
around the challenges of critiquing the high-performance environment within which they
are currently immersed. As much sociological research has revealed, sportswomen are often
vulnerable within the hierarchical structures and inequitable power relations (coach
athlete) within elite sportin g cultures (de Haan & Norman, 2020; Tomlinson & Yorganci,
1997) For example, 59% of female athletes recognized their coach exed influence on
OEAEO AEAO AT A xAECEO OACEI AoGh AT A O1T 1 A EAT Al A
EOI El EAOET ¢6 AT i1 AT OO OACAOAET ¢ OEAEO AT AEAORK 1
eating behaviours(Tomlinson & Yorganci, 1997, p. 148Building upon this work, our
findings show that sporting cultures? of past and present have a direct impact on the LEA

risks experienced by sportswomen.
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5. FinalThoughts: low EnergyAvailability and Interviewing Hite Female Athletes

In our study of elite female track cyclists, interviews revealed the idealized high

PDAOAI Oi ATAA AT AU AO AARAET ¢ ZEOh OEAAI OEUS
less emphasis on body leanness. Yet the athletes alsgperienced a fear of fat, and some
subtle conflicts in putting on additional weight albeit for performance gains. In contrast to
previous research, the athletes positively viewed menstruation as a sign of good health.
However, we observed a clear distincton between the LEA andSO-EA categorized athletes,
with the latter (who had experienced LEA in the past) focusing more on the longterm
health implications involved with missed menstrual cycles. The relationship between

nutrition and performance was complex, with some athletes discussing feelings of guilt for

AAOCET ¢ OAAA8 AT AOh AT A OI T A OOCGETC AITA AO A Oc

athletes admitted to limiting energy intake to prevent increases in body weight, particularly
during times of lighter training loads. We noted that some of the athletes were not
comfortable in discussing nutrition and disordered eating practices, and it was only those
who had experienced LEA in the past that were more open to sharing their experiences. In

so daing, they often reflected on past experiences (and the influence of others in the past)

OAOEAO OEAT OET OA ET OEA EiIi i AAEAOA AT OEOI

instance) who might also be impacting their relationships with food and body image.A few
athletes directly spoke to their own complicated relationships with food, body image and
performance, and some questioned aspects of the culture (i.e., body talk, food shaming)
OEAO OEAU AT 1T OEAAOAA AAET ¢ AAT CAOT 6O A& O

An overarching and interlinking theme that overlays the current three themes were
the fear of comments and opinions from others (i.e., peers), and typically in a position of
power (i.e., coaches) who were influential in shaping how the athletes perceive and
experience their bodies, eating, and performance, and as a result of LEA. Clearly, the elite
sporting culture? ways of talking about and regulating and monitoring bodies? has a
significant impact on how sportswomen feel about their bodies, and their selfworth within
the high-performance sporting environment. For women who feel vulnerable, judged or
worthless than others because of their performances or physiques, body image issues and
disordered eating become all too common practices. Coaches and others €i., fellow

athletes, support staff) in the elite sport setting thus play key roles in producing an

i OAT O

11 AT O

x T 1 AT ¢

AT OEOTTTAT O T &£ AEOEAO Al AepatiCel cédnimEnts@bodt bttllete® E AT ET C
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bodies or food choices, public skinfolds) or bodypositivity in which athletes feel safe and

supported in their various shapes and sizes.

What is novel from these findings is that only by bringing the interview transcripts
into dialogue with the physiological data, we observed interesting patterns in how athletes
respondedto particular topics during the interviews. While there were some silences in the
interviews, we found that most of the athletes in our cohort were happy to discuss matters
relating to menstrual function, body image and nutrition. We acknowledge that some
DAOOEAEDPAT 008 T AU 110 EAOGA AAAT Al OOEAT I ET ¢ OI
interviewer who was previously a part of the highperformance culture as an exelite track
cyclist. However, we anticipate that the familiarity, trust, and respect for the interviewer
xAO EIi pT OOAT O ET OEA AOEI AGAGO xEI1EICGCI AOO O «
Furthermore, drawing upon feminist research that highlights the importance of paying
attention to the subtleties within interviews, we noticed that some of the athletes used a
variety of strategies to navigate difficult topics and to make these conversations more
comfortable. For example, we observed laughter and deflectionif(e., talking about others
rather than self in reference to particular topics, referring to events in the past) throughout
many of the interviews. The use of laughter was particularly common when the athletes felt
uncomfortable discussing menstrual issues and body image concerns. We also found those
athletes who have experienced LEA symm@ms in the past and have sought help or further

education, to be much more forthcoming in the interviews than those who were currently

in the LEA state.

The key point here is that without bringing the LEA classification into dialogue with
the interviews, it is highly likely that we would have drawn very different conclusions in
terms of which athletes were struggling with LEA related risk factors and symptoms. Those
athletes who spoke most openly and vocally were not those most at risk of LEA. This is an
important reminder to researchers using interviews with athletes who may have or be at
OEOE 1T £ OA1 OEOEOA EAAI OE AI 1T AEOET T Oh OEAO AOAI
athletes to share their experiences, they are likely to be at different stages oéadiness to do
so. In this study, such insights were enabled by bringing the interviews into dialogue with
the LEA classifications that emerged from the physiological measures conducted earlier in
the project. This observation prompted the second stage banalysis in which we returned to
the audio files with particular attention to silences, moments of tension (both in the voices

I £ OEA ET OAOOEAxAAO AT A AO O-ahdciOus spdecha@E A OAOAA(
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used to deflect attention and emotional tension. In sum, researchers and health
professionals working with elite sportswomen who may be at risk of LEA would do well to
take into careful consideration the sensitivities, silences and strategies used by athletes to

protect themselves within competitive high -performance sport environments.
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Chapter6ii: Expanding theRelative Energy Deficiency in Sport
Model in Elite Track CyclistsManuscript 7

Schofield, K . L., Thorpe, H., Sims, ST. [Under review]. Expanding the RED'S model: A
mixed-method approach to understand elite male and female track cyclists with varying

levels of energy availability

Overview : Chapter 3 calkfor the Relative Energy Deficiency in Sportmodel to be
expanded ypon by implementing a mixed-method research approach. Chapter 6ii sought to
demonstrate the valueof conducting a mixed-method approach to gain a greater

understanding of low energy availability in female and male track cyclists.
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Abstract

Purpose: By utilizing a mixed-method research approach to understand low energy
availability (LEA) in elite male and female track cyclists, the depth of the Relative Energy

Deficiency in Sport (RED-S) paradigm is augmented.

Methods: Physiological (quantitative) and socio-psychological (qualitative) data were
obtained from 15 (10 females, 5 males) elite track cycling athletes. Physiological data
consisted of energy availability (EA), bone mineral density (BMD) and body composition.
Socio-psychological data consisted of individual semistructured interviews to include
nutritional practices, body image, and RED'S knowledge. Athletes were compared between
LEA; <30 kcal/kg of fatfree mass[FFM]/day) and higher EA (HEA; >30 kcal/kg of FFM/day)

using independent t-tests. Interview data wereanalysed following thematic analysis.

Results: Sixty-seven percent of athletes were classified as having LEA, and 93% of athletes
reported normal BMD. No differences were observed in blood hormone levels or BMD
between EA category (p <0.05). EA and energy intake were significantly lower in athletes
with LEA compared to athletes with HEA, which resulted from lower carbohydrate and fat
intakes. The interviews revealed that nutritional practicesof reducing carbohydrate, and
athlete body image perceptions were not dependent on EA category. Knowledge of REBD
was minimal and only known by female athletes who experienced REES related

consequences.

Conclusion: This study demonstrated the use of a mixedmethod approach expand the
understanding of the RED-S model and highlights the complexity of LEA. The interviews
provided greater understandings of the pressures, perceptions and nutritional practices that

impacted the physiological findings.

Keywords: low energy availability, mixed-methods, cyclists, sex differences;elative energy

deficiency in sport.
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Contributions to theFeld

Low energy availability (LEA) can be defined by limited dietary energy available after
exercise training for normal physiological and metabolic functions and is the underlying
cause of a complex syndrome known as Relative Energy Deficiency in Sport (REB). To
understand the impact of this complex syndrome, researchers have primarily investigated
the physiological effects ofLEA. Consequently, the REDS model demonstrates thatLEA
affects a range of body systems and has a detrimental effect on athletic performance. The
research on REDSis heavily weighted to quantitative-lab based or surveybased
approaches and few studies have employed qualitative methods to understand the
development of LEA. However, the current landscape of the research is failing to
understand the complexity of LEA as it continues to be conducted in isolated research
paradigms. Thus, the main aim of this paper, and the contribution to the existing literature,
is the integration of quantitative and qualitative research methods to help generate greater
understanding and nuances in complex sociepsycho-physiological conditions such asLEA.
Furthermore, this paper challenges the REBS model to move beyond the current

systematic research approaches.
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1. Introduction

The Relative Energy Deficiency in Sport (REES) model expands on the female athlete triad
(De Souza, Nattiv, et al., 2014by broadening the range of body systems impacted other
than bone health and menstrual function (Mountjoy et al., 2014, 2018)The RED S model
acknowledges the complexitybetween low energy availability (LEA) and the psychological
consequencegMountjoy et al., 2014) which are typically measured using questionnaires
(Ackerman et al., 2018; Woods et al., 2017, 201Bpwever, there is limited research to
understand the lived experiences, the influences and perceptions of individuals effected by
LEA (Findlay et al., 2020;Thorpe et al., 2019; Thorpe & Clark, 2019Y herefore, the REDS

i T AAT OET 61 A Al A O Agsycholbgical Axpetitndedthadriay idrpadt Ené
physiological components and the development of LEA; which is what a mixeeémethod

researchapproach can achieve.

Mixed-method approaches can help gain depth of understanding of the connection
between the physiological and sociepsychological components of REDS, including the
factors within the high -performance sporting culture that may be impacting the athletes
dietary and/or training practices. To date, only a few studies(Findlay et al., 2020; Thorpe et
al., 2019; Thorpe & Clark, 2019j)ave implemented a quantitative and qualitative
methodological approach to gain insightsfrom female athletes on LEArelated aspects.
Although the challenges when adopting a mixedmethod research approach have been
recently recognized(Thorpe et al., 2020) future research can use this approach to better

address the complexity of a range of REES components.

The addition of socio-psychological research that focuses on the individuad O 1 EOA A
experiences within the sporting environment will be valuable in helping move towards the
OOAOGI 1 OOEITT ET OPTI OO AOI OOOAS [00)ATAus,ithEA £l O AU
paper aims to demonstrate the expansion of the REES model by implementing a mixed
method approach; investigating the physiological and sociepsychological impact of varying

levels of energy availability in elite male and female track cyclists.

2. Materials and Methods

2.1 Experimental design
A mixed-method approach was employed by collecting quantitative andqualitative data

(Figure 9). Physiological data (quantitative) was collected prior to a competitive track
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season between September October 2018, followed by the collection of sociepsychological

data (qualitative).

Quantitative Qualitative

Physiological Socio-psychological

T-3 T-2 T-1

o) | (M) (N | (s
%

T+

“ Energy Intake O{-O Exercise energy expenditure [ERMR {1\0 DXA "I)Q Interview

Figure9. Mixed-method study design of the physiological and sogisychological data
collected in female (n = 10) and male (5) track cycling athletes. RMR, resting metabolic rate;
DXA, dualenergy xray densitometry

2.2 Participants

Fifteen (10 females22.64 + 4.19y5 males:20.76 + 1.34yelite endurance athletes who were
members of the New Zealand track cycling highperformance programme participated in
this study. Inclusion criteria included A C A A | fR& ffotd illness and/or injury, and
currently training in the endurance track cycling high -performance programme. Athletes
had consistent cycling training history (>5 sessions/wk, >10h/wk, >5y cycling experience).
Ethical approval was gained from the University of Waikato Human Reseash Ethics
Committee (HREC(Heath)#201724). All members of the NZ elite endurance track cycling
squads were invited to take part in the study. Written informed consent was obtained from

all athletes prior to participation.
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2.3 Physiological measures

2.3.1 Habitual dietary intake

Athletes completed a consecutive threeday diet record (3DDR), that coincided with the
measurement of aresting metabolic rate (RMR) assessment to estimate total daily dietary
energy intake (EI) (Figure 9). Athletes were familiar with diet recording from the high -
performance programme nutritionist. Athletes were reminded to record all food and
liquids, brands, and amounts. Photos of products or meals that were consumed were
captured and sent to the first author for verification and clarification of written records.
Athletes were contacted to clarify entries if needed. Daily El was estimated using
FoodWorks®© nutrient analysis software package (FoodWorks 9, Professional Edition,
Version 9.0.3973, Xyris Software Pty Ltd, Australia). Food items that were reported, but
were not listed in the database, were added using nutrition labels. The first author aalysed

all dietary records.

2.32 Body composition and bone health parameters

Body composition and bone health measures were evaluated using wholbody dual-energy
x-ray absorptiometry (DXA) scans (GE Prodigy Advance, GE Healthcare, Madison, WI,
USA) ata private clinic. A total-body scan, in standard scan mode using the software
enCORE (version 17), was performed and analysed by the same trained technician using
standardized operation and body positioning protocols. Prior to scanning, the weight and
height of each athlete were measured. Body composition variables selected for this thesis
included fat mass (FM), percentage body fat mass (% FM) and faree mass (FFM). Bone
health parameters evaluated thebone mineral density (BMD; g/cm?) at the anterior-
posterior lumbar spine (L:L4) and total hip (mean result of two femur measurements).
Age- and sexmatched BMD Z-scores were derived using Australian (Combined
Geelong/Lunar) male or female reference population data (v1133MD was categaeized
using Z-scores (Z): Z >1, normal BMD; Z <1, low BMD; and Z <2, clinically low BMD;
osteoporosis(Mountjoy et al., 2014) The clinic coefficient of variation for repeated DXA

scans was 1.8% (lumbar spine) and 1.3% (hip).

2.33 Resting metabolic rate

RMR assessments were conducted the day after completing thd&®R. RMR was measured
using indirect calorimetry using a ventilated hood system (Parvo Medics TrueOne 2400,
Sandy UT) following recommended protocols(Compher et al., 2006) Briefly, athletes

arrived in the morning (between 0600-0800h) following an overnight fast of >10h and
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refrained from caffeine and vigorous training 24h leading up to the assessment. Upon

arrival at the laboratory, participants height (cm) and body mass (kg) were neasured. RMR

data werecaptured over a 20min assessment period and expired air was sampled every 15s.

The initial 5 min was discarded and RMR was averaged when d5ET DAOET A 1 £ #6
for VO, and VCO, was achieved(Compher et al., 2006) Measured RMR(nRMR) values for

each participant were utilized in the energy availability (EA) equation below (see section

2.3.6)

2.34 Exerciseenergyexpenditure

Athletes were asked to provile details of their training on the same days of their habitual
dietary record to estimate exercise energy expenditure (EEE). Coaching and support staff
were consulted to confirm athletes training of track, road, and resistance training sessions,
as well & provided average power output (Watts), duration of training sessions and
perceived exertion values where applicable. Compendium of Physical Activities was used to
determine the appropriate metabolic equivalent (MET) for the exercise completed
(Ainsworth et al., 2000). Exercise activities that were greater than 4.0 MET were included in
calculations (Guebels et al., 2014)EEE was calculated following methods described by
Heikura et al. (2018)using nRMRinstead of predicted RMR(,RMR). hnRMR was subtracted
from EEE to account the energy cost of exercise only and to not underestimate EA
(Heikura, Uusitalo, et al., 2018)i.e., EEE = EEFtotal) z nRMR (training), with EEE (total) =
[(Training MET value (MET) x training duration (h)] x mRMR (kcal/h), and nRMR (training)
= mRMR (kcal/h) x training duration (h).

2.35 Energy availability

Daily EA was calculated by the amount of energy consumed (dajl EI) minus the amount of
energy used in exercise (daily EEE) divided by FFM. Overall EA was calculated from the
average of the three daily EA values. EA status was categorized based on values of <30
and >30 kcal/kg FFM/day, as LEA and higher EA (HEA) resgctively.

2.36 Energy deficiency

Athletes were categorized with energy deficiency by determining RMR ratio {RMR/,RMR)
(De Souza et al., 2008; De Souza, Hontscharuk, et al., 2007; De Souza, Lee, et al., 2007;
Gibbs et al., 2011)sing the Cunningham predicted RMR equation(Cunningham, 1991 and
implementing a cut-off ratio of 0.92 (Strock et al., 2020)
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2.3.7 Training load
To determine training load, total train ing, cycling training and resistance training duration
(in hours) were calculated over one month prior to the first day of the 3DDR using athletes

training records, in a sub-set of athletes (Table 13.

Table13. Participant demographics, body composition and training characteristics of 15 elite
track cyclists

Female (n = 10) Male (n = 5)
Demographics
Age (y) 22.6 £42 208+1.3
Height (cm) 171.1+4.4 182.1+238
Body mass (kg) 68.1+45 75.7+4.1
BMI (kg.m?) 23.2+0.7 22.8+1.3
Body composition
Body Fat (%) 223124 13.4+1%
Fat-free mass (kg) 54.1+4.3 66.7 + 3.4
Training characteristics Female (n=6) Male (n=4)
Total training hours (average h/month)* 542+85 48.9+6.1
Cycling training hours (average h/month)® 46.8+7.1 42.0+ 3.0
Resistance training hours (average h/month)* 9.1+28 7.3+3.1

Data expressed as mean = SD. BMI, body mass index
~ Denotes hours accrued one month prior to testing, n = 10 (6F, 4M)
alndependent-samplest-test or Mann Whitney U test, significant sex difference atp <0.05

2.4 Sociepsychological measures

2.4.1Interviews

The interviews were conducted after the physiological measures were collected. A subgroup
of athletes (8 females, 3 males) agreed to take part in a sensiructured, open-ended,
individually audio -recorded interviews with topics shown in Table 14 These topics were
chosen as they had been previously identified in the literature as key markers of LEA.e.,
lack of menstruation, injury/iliness; Mountjoy et al., 2014) or can cause LEA (i.e.abnormal
eating behaviours, body composition perceptions for sports performance). In addition, the
interview covered topics related to the highperformance environment, such that
relationships with team-mates and coaches, and performance pressures, could be explored.
After the first interview, the order of questions was changed to improve the flow of the

discussion(Braun & Clarke, 2006)
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Tablel4. Semistructure interview topics

Topic area Example question

High-performance environment When did you enter the high-performance programme?
And What has been your experiences within the
programme?

Relative Energy Deficiency in Sport What is your current knowledge of RED-S? and Have

and low energy availability you experienced REDS or REDS related symptoms?

Menstruation Have you ever missed a period? Have you had to seek

medical advice regarding your menstrual cycle? And Do
you believe having a menstrual cycle is an advantage for
performance?

Body Image What has been the relationship with your body
throughout your sport? Have you ever felt pressure to
look a certain way? Where have key messages come
from?

Nutrition What are your nutrition practices for your health and
performance? Where do you get youmutrition
information or support from?

Injury/iliness What injuries have you experienced during your time as
an athlete?

2.5Data Analysis

Statistical calculations were performed on the physiological measures using Minitab®

Statistical Software (18.1;éhnsylvania, USA) with the level of significance set ap <0.05.

Results are presented as mean + SD, unless otherwise specified. Independertests were

used to determine differences between groups and sex. MantwVhitney U test were run to

determine differences between groups when variables were not normally distributed.

#1 OOAT AGETT AT Al UOGAO xAOA PAOAEI Oi AA OOET ¢ 0AAOC
correlation tests for not normally distributed values). One-sample t-tests were performed to

determine whether group mean EA and macronutrient intake met minimum sport

nutrition recommendations (Thomas et al., 2016)

All interviews were transcribed verbatim. Transcripts were sent to the athletes to
check for accuracy prior to analysis. Interviewdata wereanalysed following the thematic
analysis phases by Braun and Clarké€006) using NVivo software (Pro Version 11, QRS
International Pty Ltd, Australia). Athlete quotes are denoted by sex (F/M) and EA category
(L for LEA, and H for HEA) for anonymity.
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3. Results and Discussion

3.1 Descriptive characteristics

Participant demographics are shown in(Table 13. Ten athletes (67%; 5 females, 3 males)
were classified as having LEA (<30 kcal/kg FFM/day) and five athletes (33%;eéhfales, 2
males) were classified as having HEA (>30 kcal/kg FFM/day).

EA and El (relative to BW) were significantly higher in athletes categorized as HEA
compared LEA (Table 15. EA was not different between sex (F: 29.3 +8.2vs M: 28.9+11.8
kcal’kg FFM/day, p = 0.932). No differences were observed in bone measures between EA
category (Table 15. All athletes had normal BMD at the spine and hip, except one female

athlete was categorized with low BMD at the spine and hip.

Seven females (70%) were using hormonal contraceptiorcombined oral
contraceptive pill (OCP; n = 3), intra-uterine device (IUD; n = 4). Three females were not on
any form of hormonal contraception and self-reported regular (~21- 35 day)menstrual
cycles. The primary reported reasons female athletes (88%; n=7) went on hormonal
contraception (HC), apart from preventing pregnancy, was to reduce premenstrual

symptoms (n = 3), to regulate their periods (n= 2), and/or for medical reasons (n= 1).

Eleven athletes (73%; 8 females, 3 males), participated in individual sersitructured
interviews that lasted 49.8 + 14.4 mintes, with 6189 + 1812 words of transcribed text. The
key themes pulled from the transcripts that are presented in this paperinclude nutritional

practices, body image, and knowledge of REES.

3.2 Nutrition: Energy Availability Satus andMacronutrients

A significant difference of 948 + 510 (34% 1551) kcal/day (mean + SD [95% CI]) in total
energy intake was found between EA categories (p = 0.005). There was a significant
reduction in the amount of carbohydrate (CHO) and fat macronutrients observed in LEA
athletes, compared to HEA athletes Table 15. However, this observation was apparent in
female athletes only (p = 0.040 and p = 0.01%espectively). The mean CHO intake (males
and females) of 4.4 + 1.3 g/kg BW/day was lower than previously reported of internationally
competitive female road cyclists(M. K. Martin et al., 2002)and in professional male
endurance cyclists(Vogt et al., 2005) To our knowledge, no research has been conducted
on the CHO intake of track cyclists. Therefore, the comparison to road cycling findings is

challenging basedon the different physiological and nutritional demands of each sport.
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Tablel5. Comparison of energy availability and its components by low energy availability (LEA)
and higher energy availability (HEA)

HEA LEA P-value 2

(n=5) (n=10)
Energy availability components
Energy intake (kcal/kg BW/day) 47.1+£9.3 33.9+3.8 0.002
Exercise energy expenditure (kcal/day) 961 + 557 1037 £ 421 0.771
Energy availability (kcal’kg FFM/day) 40.3+3.0 23.6+4.7 0.000
Macronutrients
Carbohydrate (g/kg BW/day) 56+1.7 3.8+05 0.007
Protein (g/kg BW/day) 21+04 1.7+05 0.194
Fat (g/kg BW/day) 1.7+0.2 1.2+0.2 0.001
Bone measures
Bone mineral content (g) 2734 + 315 2808 + 315 0.710
Total body density (g/cm?) 1.15 £ 0.09 1.17 £ 0.07 0.739
Spine bone mineral density (g/cn¥) 1.25+0.08 1.27+0.11 0.700
Hip bone mineral density (total) (g/cm 2) 1.07 £0.14 1.10 £ 0.10 0.685
Metabolic rate
Resting metabolic rate (kcal/day) 1594 + 296 1685 + 357 0.634
Resting metabolic rate ratio 0.964 + 0.124 1.034 +0.122 0.329

Data expressed as mean + SD
FFM, fat-free mass
a|ndependent-samplest-test or Mann Whitney U test, significant sex difference atp <0.05

The proportion of athletes who did not meet general training CHO intake (5-7g
CHO/kg BW; Burke et al., 2001)was significantly greater in athletes categorized with LEA
(<30 kcallkg FFM/day) than athletes categorized wihHEA (>¢ | EAA1 TEC%1&&- TAAUQh
7.5 (p = 0.006;Figure 10. The athletes with LEA had CHO intakes significantly below the
minimum sport recommendati ons (3.8 + 0.5 vs 6 g/kg/day, 3.4 4.1 95% ClI, p = 0.000) and
the athletes with HEA met the recommendations (5.6 + 1.7, vs 6 g/kg/day, 324 7.7 95% ClI,
p = 0.620).
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Figurel0. Carbohydrate intake relative to bodweight (BW) and energy availability in female
(F,n = 10) and maleM, n = 5) track cyclists with low energy availability (LEA 480 kcal/kg
FFM)/day) and higher energy availability (HEA =80 kcal/kg FFM/day Dotted vertical line
denotes the EA dagorization threshold of <30 kcal/kg FFM/dafFFM, fatfree mass

As determined from the quantitative data, energy intake and CHO was reduced in
those categorized with LEA. When overlayed with the qualitative data, interviews revealed
CHO was a prominentfood type mentioned by the majority of athletes (75%; n = 6), with
female athletes discussing CHO more than males. However, the reference to CHO was
mixed, with no trends for favouring an EA category. For example, two female athletes (both
LEA) thoughtmeaOOOET ¢ #(/ AT A AT T OOIETC 11T x #((/ xAO Ol
EAOA O0000¢GcIi AA xEOE OEOS8O A 11 x AAOA yAAOAT EUAC
I £ OEAO831T OECE O(FL).lIncantrgst, ofhér fematelatléi€s fdensed CHO
around their training sessions (27%; n = 3) or increased CHO with days that had increased

volume and intensity (27%; n = 3).

One athlete (reluctantly) saw the need to incorporate CHO around training: ®will
actively choose a low carb meal if | am not traing large the next day. But if | have a race the

TA@d AAUR ) vYil AAOCGEOAI U AEITTOA A 11081 E&KAOAOS
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